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Abstract 

Mitochondria are the primary energy producers of the cell and play key roles in 

cellular signaling, apoptosis and reactive oxygen species (ROS) production. 

Mitochondria are the only organelles that contain their own genome which encodes for a 

small subset of electron transport chain (ETC) proteins as well as the necessary tRNAs 

and ribosomal subunits to translate these proteins. Over 300 pathogenic mitochondrial 

DNA (mtDNA) mutations have been shown to cause a number of mitochondrial 

diseases emphasizing the importance of mtDNA maintenance and integrity to human 

health. Additionally, mitochondrial dysfunction and mtDNA instability are linked to 

many wide-spread diseases associated with aging including cancer and 

neurodegeneration. Mitochondria lack the ability to repair certain helix-distorting 

lesions that are induced at high levels in mtDNA by important environmental 

genotoxins including polycyclic aromatic hydrocarbons, ultraviolet C radiation (UVC) 

and mycotoxins. These lesions are irreparable and persistent in the short term, but their 

long-term fate is unknown. Degradation of mitochondria and mtDNA is carried out by 

autophagy. Autophagy is protective against cell stress and apoptosis resulting from 

exposure to mitochondrial toxicants suggesting that it plays an important role in 

removal of unstable mitochondria that can serve as a source of ROS or initiate apoptotic 

cell death. Furthermore, dysfunctional mitochondria can be specifically targeted for 
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degradation by the more specific process of mitophagy influenced in part by the 

processes of mitochondrial dynamics (i.e., fusion and fission).   

The goals of this dissertation were to investigate the long-term fate of helix-

distorting mtDNA damage and determine the significance of autophagy and 

mitochondrial dynamics in removal of and recovery from persistent mtDNA damage. 

Removal of irreparable mtDNA damage and the necessity of autophagy, mitophagy, 

fusion and fission genes in removal of this damage were examined using genetic 

approaches in adult Caenorhabditis elegans. In order to investigate the significance of 

autophagy, fusion and fission genes in recovery from mtDNA damage-induced 

mitochondrial dysfunction in vivo, an experimental method was developed to 

specifically induce persistent mtDNA damage and mitochondrial dysfunction without 

persistent nDNA damage in developing C. elegans. Additionally, the effect of persistent 

helix-distorting DNA damage on mitochondrial morphology, mitochondrial function 

and autophagy was investigated in C. elegans and in mammalian cell culture. The rate 

and specificity of mitochondrial degradation was further examined in cell culture using 

live-cell fluorescence microscopy and transmission electron microscopy.  

Removal of UVC-induced mtDNA damage was detectable by 72 hours in C. 

elegans and mammalian cell culture, and required mitochondrial fusion, fission and 

autophagy, providing genetic evidence for a novel mtDNA damage removal pathway. 

UVC exposure induced autophagy with no detectable effect on mitochondrial 
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morphology in both systems; mitochondrial function was inhibited in the C. elegans 

system but not in the cell culture system in which the degree of mtDNA damage 

induced was less. Furthermore, mutations in genes involved in these processes as well 

as pharmacological inhibition of autophagy exacerbated mtDNA damage-mediated 

larval arrest, illustrating the in vivo relevance of removal of persistent mtDNA damage. 

Mutations in genes in these pathways exist in the human population, demonstrating the 

potential for important gene-environment interactions affecting mitochondrial health 

after genotoxin exposure.     
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1. Introduction 

Mitochondria are present in all nucleated eukaryotic cells and provide 

approximately 95% of the energy needed to sustain cellular function. These organelles 

contain multiple copies of circular DNA, which encodes 13 subunits of the oxidative 

phosphorylation (OXPHOS) system. Over the last three decades, mitochondrial 

dysfunction and mutations in mitochondrial DNA (mtDNA) have been shown to cause 

a number of mitochondrial diseases 1 and are linked to many wide-spread pathologies 

including cancer 2-4, neurodegeneration 5-8, type 2 diabetes mellitus 9, cardiovascular 

disease 10 and aging 11. Although it is not clear what initiates mitochondrial dysfunction 

and mtDNA mutations, evidence suggests that toxicant exposure may play a role 12-16. 

mtDNA has been shown to be more susceptible than nuclear DNA (nDNA) to damage 

induced by a variety of environmental and endogenous genotoxins 17-38, some of which 

are known to concentrate in mitochondria. While oxidative damage to mtDNA, proteins 

and lipids can be an important trigger for mitochondrial dysfunction and disease 

progression, mitochondria house a number of mechanisms to combat oxidative stress 

including base excision repair, the repair mechanism necessary to repair most oxidative 

DNA lesions. However, mitochondria lack nucleotide excision repair (NER), the repair 

mechanism utilized in the nuclear genome to remove “bulky” or helix-distorting 

damage induced by a variety of environmental toxicants 37, 39, 40 and ultraviolet C 
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radiation (UVC) 41-43. Therefore, these lesions are expected to be persistent in mtDNA 

and their fate in mtDNA and effects on mitochondrial function are not well-understood.  

Although there is no known repair mechanism for irreparable helix-distorting 

mtDNA damage, recent evidence suggests that removal of this damage may occur via a 

non-repair mediated mechanism. It is now well accepted that mitochondria exist as a 

network of organelles that undergo fusion and fission at variable rates 44. Mutations in or 

inhibition of the mitochondrial electron transport chain (ETC), acute and chronic ROS 

production, depletion of ATP or sudden dissipation of the mitochondrial membrane 

potential (MP) trigger changes in mitochondrial morphology suggesting that fusion and 

fission rates change with mitochondrial function 45-56. Recent studies suggest that 

mitochondria with reduced MP cannot undergo fusion and, in most cases, are degraded 

selectively via autophagy over mitochondria with average MP indicating that removal 

of mitochondria from the cell may be a selective process 57-67. Toxicants known to induce 

persistent, helix-distorting mtDNA damage have been shown to result in reduced 

mitochondrial function 31, 68-74 and reduced membrane potential 70, 71.   The resulting 

mitochondrial dysfunction may serve as a signal for selective autophagy of 

mitochondria with damaged mtDNA. This project is focused on elucidating the role of 

fusion, fission and autophagy in removal of helix-distorting mtDNA lesions.   
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1.1 Mitochondria 

Although mitochondria are best-known for their role in oxidative 

phosphorylation, these organelles also play a role in the Krebs cycle, apoptosis, calcium 

homeostasis, and biosynthesis of heme, iron-sulfur proteins, nucleotides, steroid 

hormones, and amino acids 75. The rate of mitochondrial turnover ranges from 2 – 4 days 

and mitochondrial morphology varies from many, small spheres to a single 

mitochondrion consisting of long, tubular networks 76-78. Both turnover and morphology, 

along with mitochondrial biogenesis, dictate the number of mitochondria per cell which 

is typically between 100 and 1000 79.  

Mitochondria are the primary producers of reactive oxygen species (ROS) 80 

stemming from generation of superoxide primarily at NADH-ubiquinone 

oxidoreductase (complex I) and ubiquinol-cytochrome c oxidoreductase (complex III) of 

the electron transport chain (ETC) located along the inner membrane of the 

mitochondrion 81. The production of ROS by the ETC has been estimated to be between 

1-2% of the oxygen consumed 82, 83; however, due to the high nonphysiological 

concentrations of O2 present in vitro, this is likely to be an overestimate 83, 84. Under 

physiologic O2 concentrations, approximately 0.1% of O2 consumed is converted to ROS, 

typically as superoxide anion 80, 85, 86. Superoxide anion is neutralized by superoxide 

dismutases to form hydrogen peroxide (H2O2). H2O2 can then be converted to water by 
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catalase or peroxidases, or react with superoxide to form the hydroxyl radical, a highly 

reactive ROS that attacks lipids, proteins and DNA. Formation of the hydroxyl radical 

from H2O2 and superoxide can be catalyzed by transition metals, most commonly iron 

and copper. Several xenobiotics can enhance the production of superoxide by inhibiting 

electron flow through respiratory complexes or acting as an electron acceptor including, 

but not limited to, complex I inhibitors rotenone  and MPP+ 87, complex III inhibitor 

antimycin 83, and redox cyclers paraquat 80 and doxorubicin 22, 83.  

1.1.1 Mitochondrial DNA 

Mitochondria contain double-stranded circular DNA that is approximately 16.5 

kb in length (in mammals) and organized into nucleoid structures each containing 1-10 

mtDNA molecules 88, 89. mtDNA encodes 13 polypeptides involved in four of the five 

complexes of the OXPHOS system, 2 rRNAs and 22 tRNAs 90. The number of mtDNA 

molecules per cell is highly variable and dependent upon cell type and developmental 

stage 79, 91-93. Somatic cells contain from a few hundred copies of mtDNA in low energy 

tissues to several thousand mtDNA molecules in more energy demanding tissues such 

as muscle and neurons 93, 94. Significantly more variation has been observed in mature 

oocytes with numbers reported from 104 to 106 copies of mtDNA 95-97.   

mtDNA copy number is maintained by the competing processes of mtDNA 

replication and degradation. mtDNA replication occurs in both proliferating and post-

mitotic cells independent of the cell cycle and nuclear DNA replication 98. Peroxisome 
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proliferator-activated receptor gamma coactivator 1α (PGC1α) regulates both 

mitochondrial biogenesis and mtDNA replication in part by increasing the expression of 

nuclear respiratory factors 1 and 2 (NRF1, NRF2) and by increasing the transcriptional 

activity of NRF1 99, 100. NRF1 and 2 are nuclear transcription factors which regulate the 

expression of many OXPHOS genes as well as genes encoding proteins involved in 

mtDNA replication and transcription such as mitochondrial transcription factor A 

(TFAM). TFAM  is the most abundant nucleoid protein with estimates of 1000 TFAM 

molecules per molecule of mtDNA 101 and is necessary for maintenance of mtDNA copy 

number acting to both stabilize mtDNA and initiate replication through transcription 

initiation 101.  PGC1α activity is responsive to external stimuli including, but not limited 

to, exercise 102, low temperatures 100, caloric restriction 103, hypoxia 104 and ROS 105. Thus it 

may serve as a link between mitochondrial biogenesis, mtDNA replication and 

environmental stressors 11, 99.  

1.1.1.1 Susceptibility to damage 

mtDNA is particularly susceptible to damage via environmental contaminant 

exposure. Due to the high lipid content and electro-chemical gradient of the 

mitochondria, several lipophilic and/or cationic environmental contaminants including 

benzo[a]pyrene 29, alkylating agents 24, 25 and a variety of divalent cationic metals 106-108 

have been found at higher concentrations within mitochondria as compared to other 

cellular compartments, potentially exposing mtDNA to higher concentrations of a 
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contaminant compared to nDNA. Furthermore, mitochondria contain the necessary 

phase I metabolic enzymes responsible for activation of some of these contaminants to 

their DNA reactive form 109-111. Additionally, mtDNA molecules are located near the 

inner membrane within the mitochondrial matrix and, therefore, in close proximity to 

the electron transport chain (ETC) and ROS 18, 30.  

Studies indicate that mtDNA is three to five times more susceptible to oxidative 

damage than nDNA 17-23. However, most oxidative damage in mtDNA is repairable by 

BER which occurs at a similar rate in both mitochondrial and nuclear DNA 18, 30. On the 

other hand, mitochondria lack NER, the repair mechanism utilized in the nuclear 

genome to remove most “bulky” or helix-distorting DNA damage induced by PAHs 39, 40, 

mycotoxin (aflatoxin B1) 37, UVC 41-43, cisplatin 112 and aldehydes resulting from lipid 

peroxidation 113.   Consistent with this, mitochondria display a two to 100 times greater 

susceptibility to bulky adducts created by cisplatin 31-33, metabolically-activated 

polycyclic aromatic hydrocarbons (PAHs) 26-29, 34, 35 and aflatoxin B1 36, 37, and M1dG 

induced by malondialdeyde (MDA) 38.  

1.1.1.2 Consequences of persistent mtDNA damage 

Helix-distorting mtDNA lesions resulting from exposure to these genotoxins are 

persistent and have been shown to reduce mtDNA replication 28, 114-117 and 

transcription/translation 36, 114, possibly by stalling mitochondrial polymerase γ 118 and/or 

mitochondrial RNA polymerase as these lesions have been well-documented to do in 
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nDNA 113, 119, 120. Stalling replication or transcription could have several effects that 

ultimately result in overall mitochondrial dysfunction including induction of mutations 

in mtDNA, an imbalance of nuclear vs. mitochondrial DNA encoded subunits 

potentially resulting in oxidative stress or reduced ATP synthesis 19, and mtDNA 

depletion. Aflatoxin B1 has been shown to reduce the activity of cytochrome c oxidase 

(Complex IV) 72, 73, decrease mtDNA encoded cytochrome b 72 and induce lipid 

peroxidation in mitochondria 121.  PAH exposure results in both hyperpolarization 122 

and depolarization 70, 71, loss of cytochrome c 70, 71, decreased ATP synthesis 69 and 

production of superoxide 70, 74.  UVC exposure reduces both oxygen consumption and 

steady-state ATP levels 123 while cisplatin reduces the activity of respiratory complexes 

II, III and IV 31, 68 and ATP level 31.   

Helix-distorting lesions induce nDNA mutations 124, 125 and in vitro evidence 

supports the potential for these lesions to be mutagenic in mtDNA 118, 126. However, 

exposure to BaP diol epoxide (BPDE) or UVC in cell culture resulted in little to no 

increase in mutation frequency above background 117, 127, 128. UVC exposure has been 

shown to result in a ten-fold increase in single nucleotide mutations in mtDNA in vitro 

117; however, it is not clear if these mutations resulted from incorrect nucleotide 

incorporation opposite the lesion, from oxidative lesions due to production of ROS, or if 

non-damaged, mutation carrying mtDNAs were replicated at a higher rate. While the 

low frequency of mutations observed following exposure to these mutagenic agents may 
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be the result of insensitive detection methods combined with high background mutation 

frequency, degradation of mtDNAs harboring helix-distorting lesions has been 

proposed as an alternate explanation 129, 130.  

1.1.2 Mitochondrial dynamics 

Mitochondria exist as highly dynamic organelles whose morphology and 

distribution are driven by the opposing processes of fusion and fission 44, 76, 131. Fusion 

and fission are primarily regulated by the actions of four key proteins consisting 

primarily of membrane-bound and cytosolic GTPases. Mitofusins (MFN1 and MFN2) 

and OPA1 control mitochondrial outer and inner membrane fusion while dynamin 

related protein 1 (DRP1) and FIS1 control outer membrane fission of mitochondria as 

well as fission of other tubular membranes such as peroxisomes 44, 132.  Fusion is essential 

for normal development 131, 133, maintenance of mtDNA 134, 135, exchange of mitochondrial 

proteins, lipids and nucleoids 46, 136-139, and mtDNA replication 140-142 and repair 141-143. 

Mutations in OPA1 and MFN2 cause neurodegenerative diseases 144-146 further 

emphasizing the importance of mitochondrial fusion for cellular function particularly in 

post-mitotic cells. Fission is required for development, particularly the proper 

segregation of mtDNA during mitosis 147, 148 and plays a key role in mitochondrial-

mediated apoptosis 149-151. Mitochondrial morphology and dynamics are highly variable 

depending on cell type ranging from long, branched networks in fibroblasts to small 

compact spheres in hepatocytes to highly compact rods in cardiomyocytes (Figure 1) 152. 
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Variation in mitochondrial morphology and interconnectivity in part dictate the 

functional role of mitochondria within a specific cell type and result in functional 

heterogeneity of mitochondria within a single cell 152, 153.  

Mitochondrial dynamics may serve as a compensatory mechanism for 

mitochondrial dysfunction. As stated previously, fusion allows mitochondrial contents 

to mix which creates a relatively homogenous mitochondrial network rather than a 

population of genetically and metabolically discrete units. Phenotypic consequences of 

mtDNA mutations have been repeatedly noted to occur only when the occurrence of the 

mutation is high (over 40-90%) 154 and functional complementation via nucleoid 

(mtDNA) mixing between fused mitochondria is one explanation for this observation 137, 

138, 141, 155, 156.  

Although no studies have addressed the role of mitochondrial dynamics and 

morphology in recovery from irreparable DNA damage, there have been many studies 

on the response to other types of insult. Mitochondrial fragmentation results from rapid 

or sudden dissipation of MP or decreased ATP level triggered by mitochondrial 

respiratory chain inhibitors and/or uncouplers commonly resulting in apoptosis 45-50. 

Additionally, high level or prolonged oxidant treatment or significant depletion of 

complex I protein results in mitochondrial fragmentation 51 accompanied by depletion of 

ATP, ROS formation and lipid peroxidation 52-56. These data suggest the hypothesis that 

a loss of MP or ATP due to persistent mtDNA damage will result in fragmentation. 
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While excessive fragmentation can be detrimental and result in apoptosis, when 

transient or limited to a subpopulation of mitochondria it can isolate damaged 

mitochondria from the main network thus preventing the dilution of damage through 

fusion. Furthermore, fragmentation and isolation of damaged mitochondria (e.g., 

harboring damaged mtDNA) is particularly important for degradation of these 

mitochondria by mitophagy, as discussed in more detail below.  

Significant or sudden loss of mitochondrial function (caused by the treatments 

listed above) is not the effect one would expect from persistent helix-distorting mtDNA 

damage. Inhibition of protein synthesis via UVC-irradiation, cycloheximide and 

actinomycin D triggers stress-induced mitochondrial hyperfusion which results in 

activated ATP synthesis via oxidative phosphorylation and protection from secondary 

exposure to apoptotic stimuli 47. Additionally, treatment with the DNA intercalator 

ethidium bromide results in mitochondrial fusion followed by nucleoid remodeling 

while levels of MP, oxygen consumption and cytochrome c are maintained 157. In 

contrast to high level oxidant exposure, exposure to chronic low levels of H2O2 158 and 

rotenone 51, 53, 54 and sub-lethal UVA-UVB exposure 159 increase mitochondrial fusion and 

interconnectivity.  These data suggest that stressors which induce low-level or slow-

onset mitochondrial stress in the form of mild ROS production, reduced mtDNA copy 

number and/or reduced transcription of mtDNA-encoded proteins may trigger 
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increased mitochondrial interconnectivity, possibly allowing for the exchange of matrix 

contents and mtDNA needed for optimal energy production 160.   

1.1.3 Mitochondrial turnover 

Initial investigations into mitochondrial turnover dating back to the 1960s 

indicated that mitochondria and mtDNA turn over on average every 5 to 25 days 

depending on the tissue 161-164. Later work reported that mitochondria have a half-life 

closer to 3 to 4 days 165. However, most recent studies indicate a mitochondrial and 

mtDNA half-life of 2 days 166, 167, with more rapid turnover observed under conditions of 

dietary restriction as a consequence of increased macroautophagy 166.   

1.1.3.1 Macroautophagy and non-specific mitochondrial degradation  

Macroautophagy (herein referred to as autophagy) is the lysosomal-driven 

intracellular degradation of cytoplasmic materials and is the primary mechanism for 

mitochondrial degradation 57, 168. Autophagy, shown in Figure 2 169, proceeds through 

three primary steps: initiation or induction, autophagosomes nucleation and elongation, 

and autophagosome maturation and degradation. Initiation involves the formation of 

the ULK1 complex and a crescent-shaped phagophore. This is followed by nucleation 

requiring the formation of the Beclin I/Class III phosphatidylinositol 3-kinase (PI3K) 

complex. This activates PI3K leading to phosphatidylinositol 3-phosphate (PI3P) 

formation, which associates with the developing autophagosomal membrane and 

recruits additional proteins required for autophagy 169, 170. Elongation and encapsulation 
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of the mitochondrion requires the formation of two additional complexes that eventually 

conjugate phosphatidylethanolamine to LC3I converting it to LC3II, which localizes to 

newly forming autophagosomal membrane and facilitates elongation 169.  Once the 

autophagosome has completely formed, it “matures” fusing with a lysosome or late 

endosome resulting in degradation of the autophagosome and mitochondria contained 

within it 168-170.  

Induction of autophagy by nutrient deprivation/starvation or energy depletion is 

mediated by AMPK/mTOR signaling170,171. mTORC1 is considered a primary regulator 

of autophagy 170, 171. Under non-stimulating conditions, mTOR phorphorylates ULK1 

preventing its interaction with AMPK and inhibiting autophagy. When AMP and ADP 

levels increase as they do during energy depletion, activated AMPK phosphorylates 

ULK1 and inhibits the interaction of ULK1 with mTOR thus promoting autophagy 170. 

As suggested above, starvation and nutrient deprivation trigger degradation of 

mitochondria as well as other organelles and cytoplasmic materials, a process which has 

been generally thought to be non-selective 168. However, recent research shows that upon 

amino acid starvation, degradation of cytoplasmic materials is ordered with 

mitochondrial degradation occurring 30 h into starvation after the degradation of 

cytosolic and proteasomal proteins and ribosomes 172. This was supported by the recent 

observation that within the initial hours of amino acid starvation, mitochondrial 

degradation by autophagy is inhibited by mitochondrial elongation 173, 174; however, this 
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phenotype may be limited to amino acid deprivation. Complete glucose or serum 

starvation results in mitochondrial fragmentations followed by mitochondrial 

degradation as well as degradation of other cytoplasmic materials 174, 175.  

1.1.3.2 Mitophagy 

Unlike macroautophagy, selective autophagy of mitochondria or “mitophagy” 58 

is entirely specific in that it does not result in the degradation of other cytoplasmic 

materials. Two key discoveries initiated an explosion of interest and research in the field 

of mitophagy, which has now emerged as an established, compensatory mechanism by 

which dysfunctional mitochondria can be selectively degraded. The first was the 

observation that mitochondria with reduced membrane potential are preferentially 

degraded by autophagy 57, 58, 176, 177.  While mitophagy had been established for some time 

in yeast, this was the first evidence of mitophagy in higher organisms. The second was 

the discovery that PTEN-induced kinase 1 (PINK1) and Parkin, both of which are 

commonly mutated in those with early–onset familial Parkinson’s disease (PD) 178, 179, 

mediate targeted degradation of depolarized mitochondria 63, 64, 180-182.  While abnormal 

mitochondrial autophagy and accumulation of dysfunctional mitochondria had been 

well documented in several neurodegenerative disorders including Parkinson’s, 

Alzheimer’s and Huntington’s disease 183-185, this finding suggested that defective 

mitochondrial degradation may drive pathogenesis rather than occur as a secondary 

effect.   
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Despite significant data publication on this topic since 2008, the mechanism of 

mitophagy is still unclear. Twig et al. (2008) elegantly demonstrated that upon 

mitochondrial fission, one of the two daughter mitochondria is commonly 

hypopolarized, isolated from the mitochondrial network by inhibition of fusion, and 

selectively degraded by autophagy if the MP does not recovery 62. This suggested not 

only that fission yields functionally different daughter mitochondria but also that 

dysfunctional mitochondria exhibiting decreased MP may be removed by this process. 

Complete dissipation of the MP induced by carbonyl cyanide m-chlorophenyl 

hydrazone  (CCCP; 10 µM or higher) exposure or targeted photoirradiation with 488 nm 

light results in selective degradation of depolarized mitochondria by mitophagy under 

high glucose conditions 63-65, 186. In many of these studies, mitophagy is dependent upon 

the stabilization of PINK1 on the outer membrane of depolarized mitochondria and 

subsequent recruitment of parkin by stabilized PINK1 64, 66, 67. Recently, the applicability 

of these observations to mitochondrial clearance in vivo has been questioned by the 

observation that in non-immortalized primary neuronal cell lines or in immortalized cell 

lines grown in galactose media, CCCP treatment does not induce translocation of parkin 

or mitophagy 187 suggesting that a dependence on OXPHOS inhibits mitophagy.    

Also, it is important to emphasize that localization of PINK1 and parkin, 

mitochondrial dysfunction and induction of autophagic machinery are dissociated 

events but each is required for mitophagy 64, 65, 188. For example, while mitochondrial 
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fragmentation commonly occurs following loss of MP, it alone is not necessary or 

sufficient for parkin recruitment 63; however, inhibition of fragmentation impairs 

mitophagy 62, 189, 190 suggesting that mitochondrial size may influence the ability to 

degrade dysfunctional mitochondria even with parkin accumulation.  In several cell 

lines harboring pathogenic mtDNA mutations and in WT cells with a mild chemically-

induced decrease in MP, neither parkin translocation, decreased membrane potential 

nor autophagic induction via mTOR inhibition were sufficient to induce mitophagy. 

Furthermore, surprisingly, cells with mutant mtDNAs did not exhibit increased 

autophagy (despite compromised mitochondrial function) and had little to no 

endogenous parkin expression 188.  

Despite conflicting reports regarding the mechanism of mitophagy, there is 

ample evidence to support the protective role of autophagy, mitophagy, PINK1 and 

parkin against mitochondrial dysfunction, apoptosis and cell death following toxicant 

exposure or cell stress 191-201 and inhibition of autophagy results in accumulation of 

dysfunctional mitochondria 202, 203, increased ROS production 204, 205 and cell death 191, 196, 

206.  Furthermore, abnormal mitochondrial autophagy coupled with mitochondrial 

dysfunction occurs in a variety of pathologies including mitochondrial diseases 52, 196, 206, 

lysosomal storage disorders 193, 207, type 2 diabetes mellitus 208, cardiac aging 209 and 

neurodegenerative disorders 183-185. Therefore, it is of significant importance that more 
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research be done to understand the mechanism by which these processes and proteins 

integrate to protect against mitochondrial dysfunction in vivo. 

1.2 Caenorhabditis elegans 

1.2.1 Basic biology and advantages as a model organism  

C. elegans is a free-living nematode that is found throughout the world in 

nutrient and bacteria-rich decaying organic materials 210. This species was first 

established as a research model by Sydney Brenner in 1974 and is has lead to important 

advances in our understanding of neurobiology, development, cell death, RNAi and cell 

signaling 211.  C. elegans has a number of characteristics that make it a powerful 

laboratory model. C. elegans is easy and inexpensive to maintain as it is grown on agar 

plates or in liquid culture with a diet of Escherichia coli 212, 213. Its short, hermaphroditic 

lifecycle and large number of offspring (~300 eggs) allow for studies to be executed with 

a high number of individuals in a short period of time. The existence of two large gene 

knockout consortia 211, comprehensive RNAi libraries, a sequenced genome 214 and 

extensively described methods in mutagenesis, transgenesis and RNA interference  

provide a variety of genetic approaches to investigate molecular pathways. Most 

importantly, C. elegans has been shown to have homologues for 60-80% of human genes 

and to display similar physiologic and behavioral responses to stress and toxicity 215.  
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1.2.2 Use as a model organism for mitochondrial function 

 Mitochondrial biology and function are highly conserved between C. elegans and 

higher eukaryotes 216-218. mtDNA in C. elegans is slightly smaller than that of mammalian 

eukaryotes at 13,794 nt and codes for 12 of the 13 subunits encoded by mammalian 

mtDNA  218. While atp-8 has not been definitively identified in C. elegans, it is probably 

present in an unusual form, as is the case in other nematodes 219. C. elegans develop 

initially through four larval stages before reaching the adult stage marked by sexual 

maturity 212. The role of mitochondrial function and the resulting changes in mtDNA 

copy number throughout development have been well-characterized 218, 220. This 

information can be utilized to better understand consequences of toxicant-induced 

mitochondrial dysfunction on whole-organism endpoints (behavior, development, 

reproduction, survival, damage to sensitive tissue types, cell-to-cell interactions) that are 

difficult or impossible to observe in cell culture.  Additionally, the transparency of C. 

elegans allows one to monitor potential changes in mitochondrial morphology in vivo 

following the induction of mtDNA damage.  Conservation of mitochondrial biology, the 

well-described role of mitochondria function and mtDNA in the C. elegans lifecycle and 

unique techniques available to investigate the consequences of mitochondrial 

dysfunction make C. elegans a convenient and advantageous model for research of 

mitochondrial toxicity.  
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1.3 Dissertation Objectives and Outline 

The primary goals of this dissertation are to identify if autophagy and 

mitochondrial dynamics play a role in removal of persistent, helix-distorting mtDNA 

and to investigate the significance of these processes in recovery from mtDNA damage –

induced mitochondrial dysfunction. I hypothesized that sub-lethal persistent mtDNA 

damage initially distributed across the entire mitochondrial network causes 

mitochondrial dysfunction. Slow-onset dysfunction will induce fusion slowing down 

degradation of mitochondria but allowing for the recovery of mitochondrial function. 

Upon restoration of fission, allocation of damaged and undamaged mtDNAs will be 

random, resulting in some daughter mitochondria with a high proportion of damaged 

mtDNAs resulting in reduced MP for that mitochondrion. This reduction in MP will 

trigger mitophagy and the damaged mtDNA will be degraded (depicted in Figure 3).  

This dissertation is divided into the following two research chapters which 

address this hypothesis:  

Chapter 2: Mitochondrial dynamics and autophagy aid in removal of 

persistent mitochondrial DNA damage in Caenorhabditis elegans 

Removal of irreparable mtDNA damage and the necessity of autophagy, 

mitophagy, fusion and fission genes in removal of this damage were examined using 

genetic approaches in adult C. elegans. An experimental method was developed to 

specifically induce persistent mtDNA damage and mitochondrial dysfunction without 
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persistent nDNA damage in developing C. elegans. This protocol allowed for 

investigation of the significance of autophagy, fusion and fission genes in recovery from 

mtDNA damage-induced mitochondrial dysfunction in vivo. The effects of persistent 

helix-distorting DNA damage on mitochondrial morphology, mitochondrial function 

and autophagy in adult and developing C. elegans were also investigated. 

Chapter 3: UVC-induced mitochondrial degradation via autophagy correlates 

with UVC-induced mitochondrial DNA damage removal in primary human 

fibroblasts.    

In this work, we investigated the effects of UVC exposure on autophagy, 

mitophagy, mitochondrial morphology, and indicators of mitochondrial ETC function in 

mammalian cell culture.  

To conclude, the results of this dissertation, their broader implications and future 

directions are summarized in Chapter 4.  
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Adapted from Kuznetsov et al. (2009) 152.  

Figure 1: Mitochondrial morphology differs by cell type.  

(A) HF-1 cells display long, interconnected networks of mitochondrial while (B) skeletal 

muscle and (C) hepatocytes have compact, small individual mitochondria.    
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Wong et al. (2011) 169. 

Figure 2: Molecular process of macroautophagy. 
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Adapted from Mouli et al. (2009) 221. 

Figure 3: Hypothesized mechanism of removal of persistent mtDNA damage by 

selective fusion, fission and autophagy.   
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2. Mitochondrial dynamics and autophagy aid in removal 

of persistent mitochondrial DNA damage in 

Caenorhabditis elegans 

The majority of this chapter was published under the same title in Nucleic Acids 

Research 2012. The authors are Amanda S. Bess, Ian T. Ryde, Tracey L. Crocker, and Joel 

N. Meyer.  

2.1 Introduction 

Mitochondria serve several critical cellular functions, including energy 

production via oxidative phosphorylation (OXPHOS) and key roles in apoptosis. The 

majority of mitochondrial proteins involved in these processes are encoded by nuclear 

DNA (nDNA), but a small subset, 13 polypeptides that are incorporated into four of the 

five complexes of the OXPHOS system plus 2 rRNAs and 22 tRNAs, are encoded by 

mitochondrial DNA (mtDNA). A large and growing number of inherited mitochondrial 

diseases result from mutations in or depletion of mtDNA  and likely affect more than 1 

in 6,000 people 1, emphasizing the importance of mtDNA integrity to human health. 

Furthermore, there is substantial evidence to support a role of mitochondrial 

dysfunction and mtDNA mutation in the pathogenesis of more common diseases such 

as neurodegenerative conditions 5, 6, type 2 diabetes mellitus 9 and cancer 3.  

Compared to nDNA, mtDNA is particularly susceptible to damage from 

prevalent environmental contaminants. For instance, depending on exposure conditions, 
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mtDNA is 2- 100 times more susceptible to bulky adducts when exposed to the 

carcinogenic, polycyclic aromatic hydrocarbon (PAH) benzo(a)pyrene (BaP) 26, 28, 29, 34, 127, 

222. This susceptibility is partially due to the fact that mitochondria lack nucleotide 

excision repair (NER), the repair pathway utilized to repair many helix-distorting or 

“bulky” nDNA damage induced by common environmental agents including PAHs, 

mycotoxins and ultraviolet C radiation (UVC) 37, 39, 41, 112. Thus, helix-distorting mtDNA 

lesions resulting from exposure to these genotoxins are persistent and reduce mtDNA 

replication 28, 115-117 and transcription 36. The resulting reduction of mtDNA copy number 

or protein synthesis could result in mitochondrial dysfunction, as suggested by 

cytochrome c release, reduced mitochondrial membrane potential (MP), decreased 

respiration and increased lipid peroxidation reported in studies with PAHs and the 

mycotoxin, Aflatoxin B1 71, 72, 121.  

Helix-distorting lesions induce nDNA mutations 124, 125 and in vitro evidence 

supports the potential for these lesions to be mutagenic in mtDNA 118, 126. However, 

exposures to BaP diol epoxide (BPDE) and UVC in cell culture have resulted in little to 

no increase in mutation frequency above background 117, 127, 128 prompting the hypothesis 

that mtDNAs harboring helix-distorting lesions are degraded and mutations resulting 

from these lesions are rare 129, 130. Mitochondrial degradation is carried out by 

macroautophagy 57, 168. Non-selective autophagy of mitochondria as well as other 

organelles and cytoplasmic materials 168 is triggered by starvation and nutrient 
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deprivation. On the other hand, selective autophagy of mitochondria or “mitophagy” 58 

is responsible for clearance of paternal mtDNA in sperm of C. elegans 223, 224, of 

mitochondria during erythrocyte maturation 225 and has emerged as a more specific 

degradation mechanism for dysfunctional mitochondria in somatic cells 57, 58, 226-228. 

Although the detailed mechanism of dysfunctional mitochondrial clearance by 

mitophagy has yet to be resolved, current research suggests that spontaneous or stress-

induced depolarization results in isolation of dysfunctional mitochondria followed by 

removal by autophagy 57, 62, 63, 186, 195, 196. The Parkinson’s-associated genes encoding Parkin 

and PINK1 have been shown to selectively accumulate on mitochondria with reduced 

membrane potential and facilitate mitophagy under certain conditions 64, 66, 181, 188. The 

role of mitophagy in removal of dysfunctional mitochondria with damaged DNA has 

not been previously addressed but this could play an important role in preventing 

fixation of mtDNA mutations and mitochondrial-mediated apoptosis or necrosis via 

removal of unstable mitochondria 229, 230.   

The goals of this research were to determine the long-term fate of helix-distorting 

mtDNA damage and investigate the role of autophagy and mitochondrial dynamics in 

removal of and recovery from this mtDNA damage. Using ultraviolet C radiation, we 

induced helix-distorting mtDNA lesions in adult Caenorhabditis elegans with and without 

RNAi knockdown of autophagy, fusion and fission genes and measured mtDNA 

damage over time using quantitative polymerase chain reaction (QPCR).  We show that 
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UVC-induced mtDNA lesions are removed slowly over 72 h in adult C. elegans and that 

this removal is dependent upon genes involved in autophagy and mitochondrial 

dynamics.  In order to better understand the implications of persistent mtDNA damage 

removal in vivo, we investigated in C. elegans the effect of UVC-induced mtDNA damage 

on the frequency and duration of larval arrest, a well-described phenotype mediated by 

mitochondrial function that serves as an indicator of overall mitochondrial health 220, 231-

233. We show that high levels of persistent mtDNA damage induce L3 larval arrest and 

mitochondrial dysfunction in C. elegans. Furthermore, recovery from larval arrest is 

dependent upon mitochondrial fusion, mtDNA replication and removal of damaged 

mtDNA via autophagy. Thus, we show for the first time that although persistent, UVC-

induced mtDNA lesions are removed gradually, and that mitochondrial dynamics and 

autophagy are involved in removal of and recovery from persistent mtDNA damage.  

2.2 Materials and Methods 

2.2.1 C. elegans Strains and Culture 

Populations of C. elegans were maintained on K agar plates seeded with OP50 

bacteria unless otherwise stated. N2 (wild-type), JK1107 glp-1(q224), VC893 atg-

18(gk378), VC517 bec-1(ok691), VC1253 cps-6(ok1718), CB1392 nuc-1(e1392), VC1024 pdr-

1(gk448), CB369 unc-51(e369) were obtained from the Caenorhabditis Genetics Center 

(University of Minnesota). crn-6(tm890) was obtained from The National Biosource 

Project for the Nematode (Tokyo, Japan).  DA631 eat-3(ad426) and BC10210 fzo-1(tm1133) 
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were provided by Alexander van der Bliek, University of California (Los Angeles, CA). 

drp-1 (tm1108), fis-1(tm1867), VC801 fis-2(gk363) were provided by Ding Xue, University 

of Colorado (Boulder, CO).  Guy Caldwell, University of Alabama (Tuscaloosa, AL), 

provided UA86 pink-1(tm1779); Pdat-1::GFP; Pdat-1::α-syn [baIn11].  Luminescent PE255 

(feIs5) were provided by Christina Lagido, University of Aberdeen (Aberdeen, UK). 

Alicia Melendez, Queens College, City University of New York (Flushing, NY) kindly 

provided QU1 izEx1[Plgg-1::gfp::lgg-1 + rol-6]. 

2.2.2 Quantitative PCR 

DNA damage analysis was performed using quantitative polymerase chain 

reaction (QPCR) optimized for whole C. elegans as described in Boyd et al. (2009) 234 with 

some  modifications. glp-1 adults were picked at a 1 worm to 15 µl lysis buffer ratio. In 

RNAi experiments, nuclear and mitochondrial DNA copy number for each QPCR 

sample determined by quantitative, real-time PCR was used to normalize for copy 

number variation between samples. This assay relies on the ability of DNA damage to 

block progression of the DNA polymerase used for PCR; thus, the amount of 

amplification is inversely related to the amount of DNA damage 235, 236. In each sample, a 

long (~10 kb) nuclear and mitochondrial genomic region is amplified. The long product 

is used to calculate lesion frequency as compared to control samples.  
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2.2.3 DNA Damage and Repair Quantification 

Synchronized glp-1 L1 larvae were obtained by bleach-sodium hydroxide 

isolation of eggs and liquid egg hatch in K+ medium 234. Nematodes were grown to 

young adult stage at 25°C then transferred to K-agar plates without OP50 and exposed 

to 50 J/m2 UVC using an ultraviolet lamp (UVLMS-38 EL Series 3UV Lamp, UVP, 

Upland, CA, USA) with peak emission at 254 nm. Doses were quantified using a UVX 

digital radiometer. Nematodes were lysed at 0, 24, 48 and 72 h after exposure. 

Nematodes were incubated at 25°C during recovery periods. Analysis was performed 

on 7-12 sample tubes (6 nematodes/tube) for each treatment condition generated from at 

least two independent, time-separated experiments creating an “n” of 7 to 12. At least 

two PCR technical replicates were carried out for each sample. Lesion frequency in UVC 

treated samples was calculated relative to RNAi clone untreated controls. Global 

ANOVA analysis was used to determine effects and interactions of treatment, recovery 

and RNAi clone (Statview 5.0.1). When warranted by global ANOVA, Fisher’s PLSD 

was used to determine the effect of individual variables. 

2.2.4 Mitochondrial Copy Number Analysis  

Absolute mitochondrial copy number was measured by quantitative, real-time 

PCR as described in Bratic et al. (2009) 237 using the lysed worm samples collected for 

QPCR as described above.  For each sample, three technical replicates were averaged 

from a single real-time PCR run.   
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2.2.5 RNA Interference 

RNAi-mediated interference was carried out by feeding. HT115 (DE3) RNase III-

deficient E. coli engineered to express dsRNA for eat-3 (D2013.5), drp-1 (T12E12.4), pink-1 

(EEED8.9), and pdr-1 (K08E3.7) were obtained from Geneservice (Cambridge, UK) or 

Open Biosystems (Huntsville, AL). atg-18 (F41E6.13), bec-1 (T19E7.3), fzo-1 (ZK1248.14) 

and unc-51 (F41E6.13) were retrieved from the Vidal C. elegans RNAi library 238 and 

pL4440 (empty vector, negative RNAi control) and unc-22 (ZK617.1, positive RNAi 

control) were retrieved from the Ahringer C. elegans RNAi library 239.  All RNAi vectors 

were sequenced to verify the identity of the insert.    

RNAi stocks were selected on LB plates containing 15 µg/ml tetracycline and 100 

µg/ml ampicillin (Sigma Aldrich). Bacteria were grown in LB containing 50 µg/ml 

ampicillin (final concentration) for 8 h and were added to NGM plates containing 50 

µg/ml ampicillin and 1mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Sigma 

Aldrich). With the exception of eat-3, fzo-1 and drp-1 RNAi knockdown, L1 glp-1 

nematodes were synchronized as described above and grown on RNAi-seeded NGM 

plates for two generations.  Nematodes were grown at 15°C throughout the experiment 

except for a 15 hour period between the L3 and L4 stage during which nematodes were 

transferred to 25°C for sterilization 240. At the adult stage of the second generation, glp-1 

nematodes were dosed with 50 J/m2 UVC and lysed immediately and 120 h after the 

UVC dose for DNA damage analysis. For eat-3, fzo-1 and drp-1 RNAi knockdown, an 
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identical procedure was carried out except over one generation instead of two due to 

embryonic lethality and larval arrest in F1 progeny of nematodes treated with eat-3, fzo-1 

241 and drp-1 147 RNAi.  

2.2.6 Mitochondrial morphology and autophagy analysis 

Synchronized young adult, N2 myo-3::matrixGFP and N2 LGG-1::GFP 

nematodes were maintained and UVC exposed as described above except at 20°C 

instead of 25°C. At recovery periods, 6-10 nematodes were picked onto 10% agar pads 

with 10 µl of 10 mM levamisole (Sigma Aldrich, dissolved in water). Single-plane 

images were taken of muscle cell mitochondria and seam cells from five to ten 

nematodes per experiment in two, time-separated experiments on a Zeiss 780 confocal 

microscope at 63x magnification. Between 9-15 seam cells and 25-50 muscle cells were 

analyzed per treatment per time-point. LGG-1::GFP foci in each seam cell were counted 

manually. An overall effect of treatment determined by ANOVA (p<0.0001) (Statview 

5.0.1) and a difference between specific treatments was determined by Fisher’s PLSD. 

Images of muscle cell mitochondria were analyzed using MetaMorph Premier and 

methods described in 242, 243. Briefly, background subtraction, a top hat morphological 

filter and a threshold were applied to images. After converting to a binary image, 

mitochondrial area excluding the area of “holes”, perimeter and form factor for each 

muscle cells were measured using Integrated Morphology Analysis.    
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2.2.7 Larval Arrest Protocol 

L1 worms were plated in equal amounts on unseeded, non-peptone (to prevent 

growth of bacterial contamination), K-agar plates with or without ethidium bromide, 

doxycycline or chloramphenicol (Sigma Aldrich) for 48 h. L1 nematodes were starved 

during this period to prevent development. L1 worms were exposed to UVC at 0, 24, 

and 48 h after plating. Immediately following the 48 h UVC dose, worms were 

transferred to 24-well, seeded, K-agar plates (1 – 3 worms/well, 12 wells/treatment, one 

plate/strain) with or without ethidium bromide, doxycycline or chloramphenicol. For 3-

MA exposure following the 48 h UVC dose, worms were transferred to 24-well, seeded, 

liquid K+ as described above with or without 3-MA (Sigma Aldrich, dissolved in dH2O). 

Every 24 h for 96 h, each worm was staged and the percentage of nematodes that 

reached L4 was determined based on the presence of the vulval crescent. All mutant 

strains and/or treatments were screened in a minimum of three time-separated 

experiments and the % ≤ L3 from each experiment was considered a biological replicate. 

% ≤ L3 across all time points was compared between strains (if applicable) and 

treatments by repeated measures ANOVA (Statview 5.0.1). Given a significant 

interaction in the repeated measures ANOVA, ANOVA was used to determine overall 

effects and interactions at each time point followed by Fisher’s PLSD, if warranted.  
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2.2.8 Relative ATP Analysis 

PE255 nematodes were dosed according to the UVC dosing scheme described 

above  (Larval Arrest Protocol) and ATP analysis was conducted immediately after the 

third UVC dose (0 h) or 24 h after the third dose and placement on food as described in 

Lagido et al. (2008) 244. In short, each experiment had two biological replicates dosed on 

separate no-peptone, no-food plates and three time-separated experiments were 

performed (n=6). Luminescence and GFP were measured using a FLUOstar Optima 

(BMG Labtech) on ~100 nematodes in 100 µl of K-media added to a 96-well plate with 2-

4 technical replicates/ biological replicate. GFP was measured initially using 485/520 

filter set. Following GFP measurement, 50 µl of luminescence buffer (citrate phosphate 

buffer pH 6.5, 0.1 mM D-luciferin, 1% DMSO and 0.05% triton-X, final concentrations) 

was injected into each sample and luminescence was measured three minutes after 

injection using a 590 nm emission filter. Luminescence was normalized to GFP 

fluorescence intensity to account for differences in number of worms per well. Two-way 

ANOVA was used to determine if there was an effect of treatment and/or recovery on % 

control luminescence (Statview 5.0.1). After establishing that there was a treatment by 

recovery effect (P = 0.0017), the effect of treatment at each time point was assessed using 

Fisher’s PLSD.     
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2.2.9 Oxygen consumption analysis 

N2 nematodes were treated with 10 J/m2 UVC as described above (Larval Arrest 

Protocol) and oxygen consumption was measured at 0, 24 and 48 h post the third UVC 

exposure using a Mitocell (MT200) respiration chamber with magnetic stirrer and 1302 

Clark-type microcathode oxygen electrode attached to a 782 oxygen meter (Strathkelvin 

Instruments, Glasgow, UK) essentially as described 245. At 0 and 24 h, 1000 nematodes 

were sorted into four 1.5 ml microcentrifuge tubes using a COPAS Biosort (Union 

Biometrica, Holliston, MA, USA) with the same gate used for untreated and treated 

samples. At 48 h, 500 nematodes were sorted. The UVC exposed group was sorted into 

two populations: large (non-arrested) and small (arrested). The large or non-arrested 

gate was defined using the control population which is at L4 or older. The small or 

arrested gate was defined as any nematode smaller than the control population. 

Immediately before measurement worms were centrifuged, 100 µl of pelleted worms 

were added to the Mitocell chamber and oxygen consumption was measured for four 

minutes once linear. The rate of oxygen consumption was calculated within the linear 

range for each sample and two-way ANOVA followed by Fisher’s PLSD (if applicable) 

were used to identify significant effects of treatment and recovery (Statview 5.0.1).    
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2.3 Results   

2.3.1 UVC-induced mtDNA damage is removed over time 

Studies in cell culture and C. elegans have established the persistence of mtDNA 

damage up to 48 h post exposure to UVC 116, 246, 247 but further time points have not been 

investigated, partially due to the confounding effect of dilution of mtDNA damage 

encountered with proliferating cells in culture. We utilized the germ-line proliferation 

defective mutant strain, glp-1(q224) to investigate the persistence of UVC-induced 

mtDNA damage. Adult glp-1 raised at 25°C have post-mitotic somatic cells and few (6-8) 

germ cells 248, such that changes in DNA damage can be attributed to repair or removal 

rather than dilution following cell replication 247. 254 nm radiation (UVC) serves as an 

excellent model for bulky adducts because it similarly induces helix-distorting lesions 

and it is primarily absorbed by nucleic acids, with little damage to other 

macromolecules; thus we utilized UVC to induce helix-distorting mtDNA lesions 

throughout our studies.  Post-mitotic young adult glp-1 nematodes raised at 25°C were 

exposed to 0 – 100 J/m2 UVC and both nuclear and mitochondrial DNA damage was 

analyzed at 0, 24, 48 and 72 h post exposure via a highly sensitive quantitative PCR 

(QPCR) assay that does not require differential extraction of nuclear and mitochondrial 

DNA 235, 236, 249. Over 72 h 30-40% removal of mtDNA damage was observed at 50 and 100 

J/m2 (Figure 4a). Nuclear DNA damage was repaired to control level by 72 h (Figure 4b). 

mtDNA replication occurs independently of nDNA replication, and while UV-induced 
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lesions are likely to block replication 126, it is unlikely that all of the mitochondrial 

genomes per cell were damaged even at our highest doses. Assuming a Poisson 

distribution of lesions and a similar mtDNA copy number per cell, even at 50 and 100 

J/m2 approximately 35% and 20% (respectively) of mtDNA genomes would be predicted 

to remain undamaged. Thus, in principle, the reduction in mtDNA damage observed 

here could result from dilution of damage rather than removal; however, mtDNA copy 

number did not increase during the recovery period at any UV dose as measured by 

real-time PCR (Figure 4c). In fact, there was a significant decrease in copy number across 

treatments by 48 h post-exposure (including controls; Figure 4d); this decrease was not 

altered by the level of damage (P = 0.3246 for treatment x time interaction). Therefore, 

the decrease in mtDNA damage levels cannot be explained by dilution alone, and must 

be a result at least in part of removal of damaged genomes.   

2.3.2 Mitochondrial dynamics and autophagy are involved in removal of 

persistent mtDNA damage 

We next tested whether mitochondrial fusion, fission and autophagy assist in 

removal of mtDNA damage. Fusion, fission and autophagy genes were knocked down 

using RNAi in adult glp-1 C. elegans. Adult C. elegans were then dosed with 50 J/m2 and 

nuclear and mitochondrial DNA damage was measured immediately and 120 h post 

exposure. These RNAi experiments were carried out at 15°C except for a 15 h 

sterilization period at 25°C because we observed higher RNAi efficiency in our RNAi 

positive control at the lower incubation temperature. We extended the DNA damage 
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removal period from 72 to 120 h because the lower incubation temperature slowed 

removal. We considered examining removal at later time points, but chose not to based 

on our previous observation that mtDNA copy number declines with age 220, 247, as does 

mitochondrial function in general 250, effects which could confound our measurements. 

While the damage removal observed during this timecourse was not complete, it was 

sufficient for analysis and replicable in multiple experiments. 

In our empty vector control (L4440), there was ~30% removal of mtDNA damage 

120 h after a single UVC exposure (Figure 5). RNAi knockdown of fusion genes fzo-1 and 

eat-3, fission genes drp-1 and fis-1, and autophagy/mitophagy genes bec-1, unc-51 and 

pink-1 abolished detectable removal of UVC-induced mtDNA damage. No increase in 

mtDNA copy number was observed in any sample as measured by real-time QPCR 

(Figure 7), and decreases were observed in some cases. Repair of UVC-induced nDNA 

damage was not affected by RNAi (Figure 6).  These data demonstrate that fusion, 

fission and autophagy are required for removal of UVC-induced mtDNA damage.   

2.3.3 Persistent mtDNA damage induces autophagy without detectable changes in 

mitochondrial morphology  

Given the requirement for mitochondrial dynamics and autophagy genes in 

removal of mtDNA damage, we evaluated the effect of persistent mtDNA damage on 

mitochondrial morphology and autophagy following UVC exposure in adult C. elegans. 

To assess mitochondrial morphology, young adult wild-type nematodes containing an 

extrachromosomal Pmyo-3::matrixGFP, which express GFP in the mitochondrial matrix 
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of muscle cells 147, were exposed to a single dose of 50 J/m2 and mitochondrial 

morphology was assessed via confocal fluorescence microscopy at 24 and 48 h post 

exposure.  Mitochondrial morphology was quantified using form factor as a measure of 

mitochondrial elongation and mean area/perimeter ratio as a measure of mitochondrial 

interconnectivity 242, 243. As shown in Figure 8a-b, no clear differences were observed in 

mitochondrial elongation or interconnectivity between control and UVC exposed 

nematodes at any time point.  We observed that within individual nematodes and across 

treatments there was significant variability in mitochondrial morphology (Figure 8c-e).  

To evaluate induction of autophagy following UVC exposure, young adult 

nematodes that express a GFP-tagged LGG-1 protein 251 were exposed to 50 J/m2 and 

LGG-1::GFP foci were quantified in hypodermal seam cells 24 h after the exposure. Lgg-

1 is the C. elegans homolog to mammalian MAP-LC3 and is incorporated into 

autophagosomal membranes 251. Appearance of LGG-1::GFP foci in hypodermal seam 

cells has been extensively used as an indicator of autophagy in C. elegans 251-255. UVC 

treatment induced a mild but statistically significant increase in LGG-1::GFP foci 24 h 

after exposure (Figure 9). Interestingly, we observed a much greater number of LGG-

1::GFP foci in untreated N2 nematodes than has been previously reported 251-255.  To 

confirm that foci were in fact autophagosomal structures, we inhibited autophagosome 

formation with 10 mM 3-methyladenine (3-MA), a widely-used class III 

phosphatidylinsositol-3 kinase inhibitor 256, previously shown to inhibit autophagy in C. 
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elegans at this concentration 257. The number of LGG-1::GFP foci decreased significantly 

with 3-MA treatment (Figure 9) indicating that the foci observed in our untreated and 

UVC treated nematodes did represent induction of autophagy. Therefore we conclude 

that UVC exposure induced a mild increase in autophagy without persistent changes in 

mitochondrial morphology.  Whether this increase in autophagy signifies a greater 

mitochondrial clearance requires further research.  

2.3.4 Serial UVC exposure results in accumulated mtDNA damage and dose-

dependent larval arrest 

We next sought to investigate the in vivo importance of persistent mtDNA 

lesions and removal of those lesions. C. elegans develop through four larval stages before 

reaching adulthood, and mitochondrial function and mtDNA copy number throughout 

development have been well-characterized 220. Development from L3 to L4 entails a 

dramatic three- to five-fold increase in mtDNA copy number and a switch from 

anaerobic respiration to oxidative phosphorylation, both of which are associated with 

somatic and germ cell development 220, 237. Several researchers demonstrated that either 

knockdown of ETC components or chemical inhibition of mtDNA replication or protein 

translation early in larval development (L1-L2) results in developmental arrest at or 

before L3 220, 232, 233. The authors concluded that larval development serves as an indicator 

of overall mitochondrial function. This conclusion was further supported by Addo et al 

(2010) who utilized L3 larval arrest as a screen-able phenotype for genes involved in 

mtDNA maintenance 231.   
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We utilized this L3 arrest phenotype to address the role of removal of persistent 

mtDNA damage in recovery of mitochondrial function following UVC exposure.  In 

order to address specifically the effects of mtDNA damage and not nDNA damage, we 

developed an experimental protocol (Figure 10a) that results in accumulation of mtDNA 

damage in early larval development but permits repair of nDNA damage. In this 

protocol, age-synchronized L1 nematodes are dosed three times with UVC over the 

course of 48 h, with 24 h recovery periods to allow nDNA damage repair.  This larval 

arrest protocol results in time-dependent accumulation of mtDNA damage to a level 

similar to that induced in adult experiments above, while nDNA damage levels were 

reduced to close to the limit of detection (0.1 lesions/10 kb, 236; Figure 10b). Following the 

third exposure to UVC, L1 nematodes were provided with food and screened at 48, 72, 

and 96 h to assess the frequency and duration of L3 arrest. A UVC dose-dependent 

increase in L3 arrest was observed with significant inhibition starting at 7.5 J/m2 (Figure 

11a). Steady state ATP levels, quantified 24 h after the third dose and prior to detectable 

larval arrest, were significantly lower at all UVC exposures  (Figure 11b).  

As a more specific measure of mitochondrial respiration, oxygen consumption 

was assessed at 0, 24 and 48 h after exposure to 10 J/m2 UVC and addition of food. UVC-

exposed nematodes displayed significantly lower oxygen consumption by 24 h (Figure 

11c) with a more significant effect in treated nematodes at 48 h. At 48 h when larval 

arrest is first quantified, control nematodes are at young adult stage while 
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approximately 40% of nematodes in the UVC treated group are L2-L3. We separated 

these two populations based on size in the UVC exposed group using a COPAS Biosort, 

defining large or non-arrested nematodes as those which were the same size as 

untreated nematodes and smaller or “arrested” nematodes as those smaller than 

untreated nematodes. Both the arrested and non-arrested nematodes had significantly 

lower oxygen consumption compared to controls, but oxygen consumption in arrested 

nematodes was significantly lower than non-arrested UVC treated nematodes.  

Thus, accumulated mtDNA damage resulted in an overall decrease in 

mitochondrial function as indicated by increased L3 arrest, lower steady state ATP level 

and reduced oxygen consumption. To further test whether the L3 arrest was mediated 

by mitochondrial dysfunction, we evaluated the severity of L3 arrest after co-exposure 

to UVC plus chloramphenicol or doxycycline. Doxycycline and chloramphenicol are 

antibiotics that specifically block mitochondrial protein synthesis 258. If UVC-induced 

larval arrest is mediated by mitochondrial dysfunction then co-exposure to these 

mitochondrial inhibitors should exacerbate larval arrest. Co-exposure with UVC and 

chloramphenicol (750 µg/ml) or doxycycline (10 µg/ml) exacerbated L3 arrest across all 

time points compared to UVC or chemical alone (Figure 12), supporting that L3 arrest 

following the larval screen protocol is mediated by mitochondrial dysfunction.  

Although nDNA damage is repaired throughout larval exposure and the 

recovery period, we cannot entirely rule out the possibility that L3 arrest is influenced 
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by lingering low (below our limit of detection) levels of nDNA damage. We note, 

however, that in a previous study that employed a single 10 J/m2 dose of UVC, which 

should result in a similar  maximal level of nDNA damage to that which we measured  

throughout the larval arrest protocol (~0.8 lesions/10 kb) but a much lower level of 

mtDNA damage (also ~0.8 lesions/10 kb), no effect on larval development was observed 

259. 

2.3.5 mtDNA replication is critical for recovery from persistent mtDNA damage 

At serial UVC doses less than 25 J/m2, nematodes recover from larval arrest over 

time (Figure 11a). This recovery may be facilitated by replacement of UVC-damaged 

mitochondrial genomes. Ethidium bromide is a DNA intercalating agent that 

preferentially targets mtDNA over nDNA and blocks replication 260. Previous studies 

indicate that inhibition of mtDNA replication by ethidium bromide results in L3 arrest 

and depletion of mtDNA 220.  If recovery from UVC-induced L3 arrest is aided by 

dilution of damaged mtDNA via replication of undamaged genomes, then co-exposure 

to UVC and ethidium bromide should exacerbate larval arrest. We selected an ethidium 

bromide concentration (5 µg/ml) that results in a similar frequency and duration of 

larval arrest as UVC 10 J/m2. Co-exposure with UVC (10 J/m2) and ethidium bromide (5 

µg/ml) dramatically exacerbated L3 arrest across all time points compared to UVC or 

chemical alone (Figure 12). This demonstrates the importance of mtDNA replication in 

recovery of mitochondrial function resulting from persistent mtDNA damage.   
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2.3.6 Recovery from UVC-induced mtDNA damage involves mitochondrial fusion 

and autophagy 

To better understand the role of removal of mtDNA damage in recovery from 

UVC-induced L3 arrest, we compared L3 arrest in wild-type (N2) C. elegans to strains 

carrying mutations in fusion, fission and autophagy genes. If removal of persistent 

mtDNA damage plays a significant role in vivo in recovery from UVC-induced 

mitochondrial dysfunction then knockout of these genes involved in removal will 

increase the frequency and duration of larval arrest compared to wild-type. As shown in 

Figure 13, significant exacerbation of L3 arrest was observed in the fusion mutants fzo-1 

and eat-3 and the autophagy mutant unc-51. Mutations in fission genes drp-1 and fis-1, 

autophagy gene bec-1 or mitophagy genes pink-1 and pdr-1 did not significantly 

exacerbate L3 arrest at any time point.  

It is possible that the lack of effect observed in this mutant is due to retained 

BEC1 function, given that the larval arrest protocol was performed on bec-1(ok961) 

heterozygotes; this was necessary due to embryonic lethality in homozygous bec-

1(ok961). We attempted to perform the larval arrest protocol on atg-18(gk378), another 

autophagy mutant, but untreated nematodes did not develop following the 48 hour 

period of starvation.  Since we were limited in our ability to test genetically for a role of 

autophagy in recovery from persistent mtDNA damage due to mutant inviability, we 

chemically inhibited autophagy with 3-MA. N2 nematodes were exposed to 10 mM 3-

MA following the third UVC exposure and placement on food. At this dose, 3-MA 
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exposure alone did not result in significant larval arrest (data not shown); however, 3-

MA exposure did exacerbate UVC-induced L3 arrest (Figure 13).  

It is interesting that knockout of fusion resulted in complete larval arrest with no 

recovery while knockout of autophagy led to a more moderate increase in larval arrest 

with delayed recovery. If removal of UVC-induced mtDNA damage were the sole driver 

of recovery then knockout of these two pathways would lead to similar results. 

Mitochondrial fusion has been shown to be critical for mtDNA integrity and recovery 

from mitochondrial dysfunction in part because it aids in mtDNA replication which is 

critical for recovery from UVC-induced larval arrest as shown above and in functional 

complementation 141 that results from mixing damaged mtDNA among undamaged 

mtDNA. These results suggest that removal of damaged mtDNA does aid in recovery 

from mitochondrial dysfunction; however, mtDNA replication and mitochondrial fusion 

are necessary for recovery. We suggest that enhanced mitochondrial fusion as a result of 

drp-1 or pink-1 knockout may explain why knockout of these genes did not affect larval 

arrest or recovery although both of these are involved in mtDNA damage removal.     

As previously mentioned, measuring removal of mtDNA damage in 

proliferating cells is confounded by dilution of damage associated with cell replication.  

C. elegans larval development is marked by a 2-fold increase in somatic cells, a five-fold 

increase in mtDNA copy number and development of approximately 250 germ cell 

nuclei 220. Therefore we were not able to directly test if mutations in these genes 



 

44 

prevented removal of damage or if arrested nematodes had more persistent mtDNA 

damage compared to non-arrested nematodes, because the developmental changes 

would have confounded those measurements. Nonetheless, our genetic and 

pharmacologic data allow us to conclude that mitochondrial fusion and autophagy play 

an important role in recovery from UVC-induced mitochondrial dysfunction. 

2.4 Discussion 

2.4.1 Mitochondrial dynamics and autophagy play critical roles in the response to 

persistent mitochondrial DNA damage 

MtDNA integrity is critical to mitochondrial function and is more vulnerable 

than nDNA to common types of environmentally-induced damage 26, 28, 29, 34, 127, 222. This 

vulnerability is exacerbated by the fact that mitochondria lack NER, the pathway 

required to repair helix-distorting and bulky DNA damage induced by important 

environmental genotoxins including UVC, mycotoxins and PAHs 37, 39, 41, 112. Thus, at least 

in most species (fission yeast is an exception: 261), mtDNA damage induced by such 

agents is irreparable. Our experiments indicate that mitochondrial dynamics and 

autophagy protect against persistent mtDNA damage; we suggest that this results both 

from a role in removal of damaged mtDNAs and from a role in protecting mitochondrial 

function in the face of mtDNA damage.    

We propose a model (Figure 15) whereby persistent mtDNA damage leads to 

mitochondrial dysfunction. Mitochondrial fusion protects against dysfunction, as does 
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autophagy, presumably by promoting functional complementation, mtDNA replication 

and removal of dysfunctional mitochondria (these processes are further discussed 

below). Mitochondrial genomes carrying persistent damage can be removed by 

mitochondrial fission and subsequent autophagy of dysfunctional daughter 

mitochondria, which is observed in our experiments as a mitochondrial fission- and 

autophagy-dependent removal of mtDNA damage. It is not intuitive that mitochondrial 

fusion would be required for the removal of damaged mtDNAs, but we propose that 

fusion is so critical for mitochondrial function (as supported by our larval arrest results) 

and mitochondrial biogenesis that the lack of fusion results in severe mitochondrial 

dysfunction that incapacitate the processes required for removal. While additional 

experiments will be required to fully test this model, it is consistent with our data and 

supported by a significant body of literature, as discussed below. 

2.4.2 Mitochondrial fusion, fission, and autophagy are required for removal of 

persistent mtDNA damage 

Irreparable, helix-distorting mtDNA damage is persistent but our results indicate 

that this damage is removed slowly in vivo with significant removal observed by 72 h 

post exposure. This data is consistent with other literature indicating the persistence of 

UV-induced photodimers up to 48 h 112, 116, 117, 246, 247, although one study reported a 40% 

reduction in UVC-induced photodimers in mtDNA of mouse cells by 24 h 262. We 

considered the role of mitochondrial dynamics and degradation via autophagy in this 

removal. Autophagy is the primary mechanism of removal for mitochondria and can be 
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both non-selective, such as during starvation 168, or selective meaning that isolated, 

dysfunctional mitochondria with low MP are degraded preferentially 57, 62, 63. Selective 

autophagy of mitochondria or mitophagy under certain conditions is mediated by 

accumulation of PINK1, a serine/threonine-protein kinase on dysfunctional 

mitochondria and subsequent recruitment of Parkin, an E3 ubiquitin ligase to those 

mitochondria 64, 66, 181. However, the necessity and sufficiency of these events to induce 

mitophagy in vivo is unclear 187, 188.  

UNC51 is a serine/threonine kinase with a role in autophagy induction; BEC1, a 

class III phosphatidylinositol 3-kinase (PI3K), is involved in recruiting other autophagy 

proteins to pre-autophagosomal structures; and ATG18, which binds phosphoinositol-3-

phosphate, is required for autophagosomes formation; mutation or knockdown of these 

genes results in abnormal autophagy in C. elegans 251.  We found that RNAi knockdown 

of autophagy/mitophagy genes bec-1, unc-51 and pink-1 inhibited removal of UVC-

induced mtDNA damage suggesting that autophagy is an important mechanism of 

degradation of damaged mtDNA. The lack of an effect of knockdown of atg-18 may 

result from insufficient knockdown or a degradation mechanism independent of atg-18. 

We noted that knockdown of autophagy proteins bec-1 and unc-51 prevented the trend 

of an age-dependent decrease in mtDNA copy number; however, atg-18 knockdown did 

not prevent this decrease. This is consistent with incomplete knockdown of atg-18, 

which might permit residual mitochondrial turnover and explain why knockdown did 



 

47 

not inhibit damage removal. Interestingly, knockdown of pink-1 but not pdr-1, the C. 

elegans Parkin homolog, inhibited mtDNA damage removal. Parkin is thought to act 

downstream of PINK1 and in other model systems compromised function of either 

reduces mitophagy 64, 66.  In C. elegans, few studies have investigated the role of these 

genes in relation to mitochondrial function.  pdr-1 mutants have reduced oxygen 

consumption and are sensitive to mitochondrial complex I inhibitors 263, pink-1 mutants 

have reduced cristae length and are sensitive to oxidative stress 264 and expression of 

wild-type pink-1 and pdr-1 rescued α-synuclein induced mitochondrial fragmentation 265. 

These reports are consistent with those in other models suggesting conserved function 

of these proteins between C. elegans and mammals 264. Further research is needed to 

better understand mitophagy in C. elegans and the role of pink-1 and pdr-1 in that 

process. 

Knockdown of fusion genes fzo-1 and eat-3 and fission genes drp-1 and fis-1 also 

inhibited removal of UVC-induced mtDNA damage. The role of mitochondrial 

morphology and dynamics in mediating mitophagy is unclear. Inhibition of fission via 

manipulation of fission genes Fis1 and Drp1 results in reduced mitophagy while 

overexpression of fission proteins induces mitophagy and decreases mitochondrial mass 

266. Consistent with these studies, our results indicate that Drp1 and Fis1 are required for 

removal of damaged mtDNAs.  The requirement of Fis1 is particularly interesting 

because the role of FIS1 and FIS2 in fission in C. elegans is still controversial.  fis-1, fis-2 
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and fis-1/fis-2 mutants do not have abnormal mitochondrial morphology under 

unstressed conditions, suggesting that these proteins may not retain a role in 

mitochondrial fission, despite homology with fis1, the yeast and mammalian fission 

gene 149. 

It may be tempting then to assume that knockdown of fusion genes would 

enhance mitophagy and removal of mtDNAs. Certainly OPA1 deficiency results in a 

general increase in autophagy and mitochondria targeted for degradation exhibit OPA1 

depletion 62, 267. However, loss of mitochondrial mass resulting from nicotinamide 

treatment is partially inhibited by fusion knockdown rather than enhanced as might be 

predicted 268 and studies that inhibit fusion without compromising membrane potential 

or mitochondrial function show that fission alone without accompanying mitochondrial 

dysfunction does not result in increased mitophagy 63, 269. Consistent with our data, 

human fibroblasts harboring a missense mutation in the fusion gene MFN2 exhibit 

significantly reduced repair efficiency of oxidative mtDNA damage and DNA instability 

143.  Our data suggests that fusion is required for removal of mtDNA damage; whether 

this is by facilitating autophagy or another mechanism requires further research.   

2.4.3 Persistent mtDNA damage induces autophagy without detectable changes in 

mitochondrial morphology  

We considered that slow removal of UVC-induced mtDNA damage may reflect 

the natural turnover rate of mitochondria and not an induction in autophagy. We 

therefore evaluated the level of autophagy following UVC exposure in LGG-1::GFP 
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expressing C. elegans. We observed a mild increase in the number of autophagosomes in 

the UVC exposed nematodes 24 h after treatment suggesting that UVC exposure does 

induce autophagy. Whether this increase in autophagy signifies a greater mitochondrial 

clearance requires further research. 

Mitochondrial dynamics are responsive to mitochondrial function. Loss of 

membrane potential inhibits fusion and results in an overall fragmented morphology 

and treatment with pro-oxidants or mitochondrial respiratory chain uncouplers triggers 

fragmentation 45-47. On the other hand, mitochondrial hyperfusion has been observed 

following treatment with DNA intercalators or UV 47, 159 highlighting the complex 

responses of mitochondrial dynamics to mitochondrial stressors. We evaluated the effect 

of UVC exposure on mitochondrial morphology. We did not observe a difference in 

mitochondrial interconnectivity or elongation with UVC treatment at 24 or 48 h after 

treatment. There remains the possibility that changes in morphology occurred between 

the time points analyzed; however, given the persistence of this damage we would 

expect any morphological changes induced by this damage would also be persistent. 

Thus, while our genetic data demonstrate the importance of mitochondrial dynamics in 

responding to persistent mtDNA damage, such damage did not lead to changes in 

mitochondrial morphology that were easily observable by microscopy.  
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2.4.4 Recovery requires mtDNA replication and mitochondrial fusion and is aided 

by removal of damaged mtDNA via autophagy 

Mitochondria contain multiple copies of DNA thus recovery from helix-

distorting mtDNA damage could be achieved by both removal of the damaged copies 

and dilution of damaged copies with undamaged genomes. In adult glp-1 C. elegans 

raised at 25°C (220, 247 and Fig 1d) and 15°C (Fig S1), mtDNA copy number decreases with 

age. This indicates that degradation of mtDNA is occurring and the resultant decline in 

copy number is not compensated for by increased biogenesis. This decrease in copy 

number likely relates to the decreased metabolic rate and ATP production shown in 

aging nematodes 250. We therefore used developing rather than adult C. elegans to 

determine the significance of removal of damaged mtDNAs in recovery from UVC 

exposure. During the L3-L4 transition, nematodes switch to oxidative phosphorylation 

to produce energy; this is accompanied by a significant increase in energy demand and 

mtDNA copy number 220. Inhibition of mitochondrial replication or translation or 

mutations in mitochondrial electron transport chain components all result in arrest at or 

before the L3 stage 220, 232, 233. Using a novel protocol designed to permit accumulation of a 

high level of mtDNA damage early in L1 (Figure 10a), we showed that UVC-induced 

mtDNA damage caused dose-dependent increases in mitochondrial dysfunction as 

indicated by L3 arrest, reduced steady state ATP level, and reduced oxygen 

consumption. Treatment with low levels of ethidium bromide nearly abolished recovery 
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from UVC-induced L3 arrest suggesting that recovery of mitochondrial function is 

facilitated by dilution of damaged mtDNA via mtDNA replication.   

unc-51 mutants displayed a significant increase in L3 arrest as did nematodes in 

which autophagy was inhibited with 3-MA. These data indicate that autophagy (and 

presumably removal of damaged mtDNA via autophagy) is involved in functional 

recovery from persistent mtDNA damage. Autophagy provides protection against 

mitochondrial dysfunction, apoptosis and cell death following toxicant exposure or cell 

stress 195-198 and abnormal mitochondrial autophagy coupled with mitochondrial 

dysfunction occurs in a variety of pathologies including mitochondrial diseases 195, 

lysosomal storage disorders 207 and neurodegenerative disorders including Parkinson’s, 

Alzheimer’s and Huntington’s disease 183-185. It is not unlikely that autophagy protects 

against mitochondrial stressors, in part, by removing mitochondria that would 

otherwise generate reactive oxygen species (ROS) and trigger apoptosis or necrosis 229, 230. 

Thus, the reduction in autophagy with age particularly in post-mitotic cells may result in 

persistence of unstable mitochondria potentially leading to development of age-related 

disorders 11. Surprisingly, pink-1 mutants did not exhibit increased larval arrest despite 

the role of this protein in removal of damaged mtDNA in adult C. elegans. This may 

indicate that removal of damage in replicating cells is not PINK1 dependent. On the 

other hand, PINK1 knockdown in C. elegans increases mitochondrial fusion 

(unpublished observations) and in other model organisms is associated with increased 
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mitochondrial fusion 270, 271 which is critical for recovery from L3 arrest as discussed 

below.   

Mutations in the fusion genes fzo-1 and eat-3 resulted in complete arrest of larval 

development following serial UVC, suggesting that mitochondrial fusion is critical in 

recovery of mitochondrial function following UVC-induced mtDNA damage. While it is 

likely that the complete larval arrest observed in these mutants is partially due to 

inhibition of damage removal, the degree of exacerbation suggestions failure of other 

recovery mechanisms. Fusion is critical for recovery of mitochondrial function following 

toxicant exposure and cell stress. Loss of fusion capacity increases susceptibility to loss 

of membrane potential 131, respiratory deficiency 131, 272, oxidative stress 241, 273, apoptosis 

and cell death 189, 241, 274. Additionally, enhanced mitochondrial fusion has been shown to 

be protective against UV irradiation induced depletion of ATP 47, 159 and blockage of 

mtDNA replication by mtDNA intercalators  157. 

Fusion provides protection against the effects of mtDNA mutations by 

facilitating “functional complementation” 137, 155, the mixing of lipids, proteins and 

mtDNA to compensate for mutated DNA 141 and this mechanism may explain the lack of 

phenotypic expression of mtDNA mutations until the occurrence is high (over 40-90%) 

154. This function of fusion also equally distributes proteins involved in mtDNA 

replication and repair 141. Mice harboring mutations in fusion proteins exhibit severe 

depletion of mtDNA 140 due to defects in mtDNA replication 141 and polg-1 mutant C. 
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elegans exhibit increased mitochondrial fusion in response to mtDNA depletion 237. As 

described above, mtDNA replication is a particularly important mechanism of recovery 

from L3 arrest. Therefore, mitochondrial fusion may aid in recovery from UVC-induced 

larval arrest by promoting functional complementation, mtDNA replication and 

removal of damaged mtDNAs.     

Consistent with this idea, mutation in the fission genes drp-1 and fis-1 did not 

increase L3 arrest. While this could suggest that mtDNA damage removal does not 

require fission in developing C. elegans, we hypothesize that enhanced fusion resulting 

from the drp-1 or fis-1 mutation may compensate for lack of mtDNA damage removal. 

Decreased mitochondrial fragmentation has been shown to be protective against 

toxicant-induced mitochondrial dysfunction, ATP depletion and apoptosis 47, 268, 269. 

Conversely, Yang et al. (2011) found that drp-1 nematodes are more sensitive to heat 

stress and paraquat 275 and, in mammalian cells, knockdown of drp1 results in 

mitochondrial dysfunction, loss and disorganization of mtDNA and decreased 

membrane fluidity 45, 190.  

We were unable to directly test in developing C. elegans if mutations in fusion, 

fission and autophagy/mitophagy genes inhibit removal of UVC-induced mtDNA 

damage or if lack of damage removal correlates with the frequency and duration of L3 

arrest due to developmental changes (i.e., somatic and germ cell proliferation and 

substantial increases in mtDNA copy number) that would have confounded those 
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measurements. Assuming that larval C. elegans employ the same mechanism as adults to 

remove UVC-induced mtDNA damage, our genetic and pharmacologic data suggest 

that removal of mtDNA damage aids in recovery from UVC-induced mitochondrial 

dysfunction facilitated by autophagy and mitochondrial fusion.  

2.4.5 Potential role of NER proteins and mitochondrial nucleases   

Our model assumes that mitochondria in C. elegans, like other metazoans studied 

to date, lack NER such that UVC-induced mtDNA damage is irreparable and persistent 

37, 39, 41, 112. Recently, however, NER proteins CSA and CSB have been shown to localize to 

mitochondria and to have a direct role in sensing and responding to oxidative mtDNA 

damage 276, 277, as well as inducing mitochondrial turnover via autophagy in response to 

cell stress 278. Based on these studies, an interesting future research direction will be to 

determine if CSA/CSB aid in the response to helix-distorting mtDNA damage and 

facilitate the removal of these lesions via autophagy.  

There is evidence mtDNA harboring double strand breaks (DSBs) resulting from 

high levels of oxidative lesions can be degraded in vitro by nucleases residing in 

mitochondria 279-282, of which endonuclease G, involved in nDNA degradation during 

apoptosis, and EXOG, involved in mitochondrial long patch BER 282, remain the primary 

candidates. Additionally, fission yeast possesses a UV-damaged DNA endonuclease-

dependent excision repair that drives repair of UV photodimers in mtDNA by nicking 

the phosphodiester bond 5’ to the UV-induced photodimers to initiate BER 261. This 
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repair mechanism has not been observed in higher organisms.  Still, it is possible that 

degradation of mtDNA harboring irreparable UVC-induced photodimers may in part 

involve nuclease-dependent degradation. We considered this less likely than our current 

model for two reasons. Firstly, the degradation rate reported for mtDNA with strand 

breaks is significantly faster than that reported here, with significant degradation 

reported within an hour of oxidant exposure 281. Secondly, when we screened viable C. 

elegans mutants of known endonucleases including cps-6, the C. elegans homolog of 

endonuclease G using the larval arrest protocol, we found that mutations in cps-6, crn-6 

and nuc-1 did not exacerbate larval arrest (Figure 14). This indicates that these nucleases 

are not necessary for recovery from UVC-induced mtDNA damage in larval C. elegans 

and suggests that they are not involved in removal of UVC-induced mtDNA damage. 

However, due to the potential redundancy in mitochondrial nucleases, we cannot 

exclude a role of nucleases in recovery from and removal of UV-induced mtDNA 

damage.    

2.4.6 Broader implications of persistent mtDNA damage removal 

In summary, our results suggest a model whereby mitochondrial dynamics and 

autophagy play a role both specifically in removal of mtDNA damage, and more 

broadly in the response to mtDNA damage and mitochondrial dysfunction (Figure 15). 

This research shows that UVC-induced mtDNA damage can be removed, and 

furthermore demonstrates that mitochondrial dynamics and autophagy are part of a 
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novel pathway for the removal of otherwise irreparable mtDNA damage. Based on this 

and published literature, we hypothesize that initial recovery of mitochondrial function 

from such mtDNA damage requires mitochondrial fusion and mtDNA replication, and 

is assisted by removal of this damage via autophagy. Upon recovery from mtDNA 

damage, mitochondrial fission is restored creating a heterogeneous population of 

mitochondria, some with a high proportion of damaged mtDNA which are removed by 

autophagy, potentially in a selective fashion involving PINK1. This pathway is of 

potentially great significance due to the fact that many common environmental 

contaminants cause high levels of mtDNA damage that, like UVC-induced damage, is 

not repaired in the mitochondrial genome. This pathway may also be important for 

removal of a subset of oxidative mtDNA damage 283 and damage induced by certain 

biological aldehydes 38 that are repaired in the nucleus by NER, extending the 

importance of our findings to damage caused by normal metabolism. Finally, mutations 

in genes in these pathways are associated with human disease states, demonstrating the 

potential for important gene-environment interactions affecting mitochondrial health 

after genotoxin exposure.     
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Figure 4: Mitochondrial DNA lesion frequency slowly decreases after a single 

dose of UVC in post-mitotic adult C. elegans (glp-1).  

Nematodes were exposed to UVC and analyzed for DNA damage immediately (0 h), or 

after 24, 48, or 72 h via QPCR (a) mtDNA damage is removed by ~40% over 72 h at 50 

and 100 J/m2. Two-way ANOVA indicated a significant effect of recovery (P < 0.0001) 

and a recovery x treatment interaction (P < 0.05). Asterisks denote a significant 

difference compared to 0 h lesion frequency within each UVC treatment (Fisher’s PLSD, 

P < 0.05). (b) nDNA damage is repaired following a single dose of UVC. Two-way 

ANOVA indicated a significant effect of treatment (P < 0.0001) and a recovery x 

treatment interaction (P < 0.0001). Asterisks denote a significant difference compared to 

undosed control lesion frequency at each recovery timepoint (Fisher’s PLSD, P < 0.05). 

(c) No significant increase in mtDNA copy number was observed during the recovery 

period. (d) mtDNA copy number significantly decreased over the recovery period 

irrespective of UVC exposure. Two-way ANOVA indicated a significant effect of time (P 

< 0.0001) but no significant treatment effect (P = 0.4714) or treatment x time interaction (P 

= 0.3246). Asterisks denote a significant difference compared to 0 h mtDNA copy 

number (Fisher’s PLSD, P < 0.05). Bars ± s.e.m. 
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Figure 5: Fusion, fission and autophagy gene knockdown inhibits mtDNA damage 

removal. 

Mitochondrial DNA lesions are removed in empty vector control (L4440) by 30-40% 120 

h post a single UVC exposure in post-mitotic adult C. elegans (glp-1). RNAi knockdown 

of eat-3, fzo-1, drp-1, fis-1, bec-1, unc-51 and pink-1 inhibited mtDNA damage removal 

(inhibition of removal was determined by a lack of a significant difference between 0 

and 120 h lesion frequency within each RNAi treatment). Two-way ANOVA indicated a 

significant interaction between RNAi and recovery (P < 0.05). Asterisks denote a 

significant difference between 0 h and 120 h mtDNA lesions within RNAi treatment 

(Fisher’s PLSD, P < 0.05). Percent mtDNA lesions remaining after 120 h was calculated 

based on 0 h lesion frequency within each RNAi treatment. Bars ± s.e.m. 
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Figure 6: Nuclear DNA damage is repaired after a single dose of UVC in post-mitotic 

adult C. elegans (glp-1). 

Nematodes were exposed to UVC and analyzed for DNA damage immediately (0 h), or 

after 24, 48, or 72 h. Percent nDNA lesions remaining after 120 hours was calculated 

based on 0 h lesion frequency within each RNAi treatment. Bars ± s.e.m.  
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Figure 7: mtDNA copy number does not increase 120 h post UVC exposure (0, 50 J/m2) 

in RNAi-treated C. elegans (glp-1). 

Three-way ANOVA indicated a significant effect of strain (P = 0.0009) and time (P < 

0.0001) but no significant effect of UVC exposure (P = 0.1018) and no significant 

interactions of strain, time and exposure. Bars ± s.e.m.  
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Figure 8: UVC exposure induces no detectable changes in mitochondrial morphology 

in adult C. elegans. 

Mitochondrial morphology was assessed using form factor as a measure of elongation 

(perfect circles = 1) and mean area/perimeter ratio as a measure of interconnectivity. No 

detectable differences were observed at (a) 24 h or (b) 48 h following UVC exposure. 

Each data point represents the mean area/perimeter ratio and form factor of 

mitochondria within a single muscle cell. Mitochondrial morphology was highly 

variable within each treatment group. Representative images show a (c) tubular, (d) 

intermediate and (e) fragmented mitochondrial morphology in muscle cells of untreated 

controls 48 h after UVC exposure. Bars ± s.e.m. 
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Figure 9: UVC exposure induces autophagy. 

The number of LGG-1::GFP foci per seam cell increased 24 h following UVC exposure 

compared to untreated controls (Fisher’s PLSD, P = 0.004). Inhibition of autophagy with 

3-MA exposure reduced the formation of LGG-1::GFP foci compared to untreated 

controls (Fisher’s PLSD, P < 0.0001). Arrow indicate LGG-1::GFP foci. An overall effect of 

treatment was determined by ANOVA (P < 0.0001). Bars ± s.e.m.
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Figure 10: Serial UVC exposure results in mtDNA damage accumulation. 

(a) Schematic of serial UVC protocol. L1 nematodes on unseeded plates are dosed with 

UVC at 254 nm every 24 h for a total of three doses. Following the third dose, nematodes 

are provided with food and developmental stage recorded at 48, 72 and 96 h post UVC 

exposure. (b) mtDNA damage accumulates over serial UVC exposure and persists 24 h 

after the last UVC exposure and addition of food. Following 24 h recovery periods, 

nDNA damage was repaired. Bars ± s.em.  



 

64 

 
Figure 11: Serial UVC exposure results in dose-dependent L3 arrest, lower steady state 

ATP level and reduced O2 consumption. 

(a) Larval arrest increased in a dose-dependent manner following serial UVC exposure. 

(b) Steady state ATP levels were significantly lower by 24 h after UVC exposure and 

addition of food. Asterisks denote a significant treatment effect compared to untreated 

control (Fisher’s PLSD, P < 0.05). (c) Nematodes exposed to serial UVC 10 J/m2 had 

significantly lower O2 consumption compared to untreated nematodes at 0, 24 and 48 h 

post exposure and addition of food. At 48 h, O2 consumption was further decreased in 

arrested nematodes compared to non-arrested nematodes and both were decreased 

compared to the untreated group. Two-way ANOVA indicated a significant treatment x 

recovery interaction (P < 0.0001) and asterisks denote significant differences at each time 

point (Fisher’s PLSD, P < 0.05). Bars ± s.e.m. 
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Figure 12: Co-exposure to UVC and mitochondrial replication or translation inhibitors 

exacerbates L3 arrest. 

Co-exposure to UVC (10 J/m2) and ethidium bromide (5 µg/ml),  doxycycline (10 µg/ml) 

or chloramphenicol (750 µg/ml) further exacerbates L3 arrest compared to UVC 

(asterisks) or chemical (hash) exposure alone at every time point (Fisher’s PLSD, P < 

0.05). Bars ± s.e.m.  
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Figure 13: Mutations in fusion and autophagy genes exacerbate L3 arrest following 

serial UVC exposure. 

Mutations in fusion genes fzo-1 and eat-3 and autophagy gene unc-51, as well as 

inhibition of autophagy with 3-MA, exacerbated L3 arrest compared to wild-type at 72 

and 96 h. Asterisks denote a significantly different effect of treatment on mutant 

compared to wild-type strain (two-way ANOVA, p<0.05). Bars ± s.e.m.  
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Figure 14: Mutations in endonuclease genes do not exacerbate L3 arrest following 

serial UVC exposure. 

 

Mutations in endonuclease genes cps-6 (C.elegans homolog to endonuclease G), crn-6 and 

nuc-1 do not exacerbate L3 arrest compared to wild-type at 48, 72 or 96 h. Two-way 

ANOVA indicated no significant differences in the effect of UVC exposure on larval 

arrest between mutant and wild-type (Statview 5.0.1). Bars ± s.e.m.  
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Figure 15: Proposed model of the effect of mitochondrial fusion, fission, and 

autophagy processes on persistent mtDNA damage-induced mitochondrial 

dysfunction and removal of mtDNA damage. 

Persistent mtDNA damage leads to mitochondrial dysfunction (e.g., reduced ATP levels 

and larval arrest). Mitochondrial fusion protects against dysfunction, as does autophagy, 

presumably by promoting functional complementation, mtDNA replication and 

removal of dysfunctional mitochondria (red solid lines). Mitochondrial fission and 

autophagy promote mtDNA damage removal (green lines) while mitochondrial fusion 

is indirectly required for mtDNA damage removal because it is required to preserve 

basic mitochondrial function and mtDNA replication (dashed green line denotes the 

indirect effect of fusion on mtDNA damage removal). 
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3. UVC-induced mitochondrial degradation via autophagy 

correlates with mtDNA damage removal in primary 

human fibroblasts 

3.1 Introduction 

Mitochondria are the site of most energy production within a cell and are key 

regulators of apoptosis and calcium homeostasis 75.  Mitochondria contain several 

hundred copies of their own 16.5 kb genome which encodes for a small subset of 

mitochondrial proteins including 13 polypeptides that are incorporated into four of the 

five complexes of the OXPHOS system plus 2 rRNAs and 22 tRNAs, with the remaining 

proteins encoded by nuclear DNA (nDNA) 90.   Despite this relatively small contribution, 

mutations in or depletion of mtDNA are associated with a significant number of 

inherited mitochondrial diseases which in total are estimated to affect more than 1 in 

6,000 people 1, emphasizing the importance of mtDNA integrity to human health. 

Significant research also implicates mitochondrial dysfunction and mtDNA mutation in 

the pathogenesis of widespread disorders such as neurodegenerative conditions 5-8, type 

2 diabetes mellitus 9, cancer 2-4 and aging 11.  

There is substantial evidence that mtDNA is uniquely susceptible to damage 

caused by certain ubiquitous environmental genotoxicants including metabolically-

activated polycyclic aromatic hydrocarbons 26-29, 34, 35 and mycotoxins 36, 37, as well as 

endogenously produced reactive oxygen species 38. Mitochondria house several 
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mechanisms to combat oxidative damage including base excision repair, the repair 

mechanism responsible for repair of most oxidative DNA lesions.  However, 

mitochondria lack nucleotide excision repair (NER), the mechanism necessary to repair 

helix-distorting chemical adducts and UVC-induced photodimers. Therefore these 

lesions persist and have the potential to stall DNA replication 28, 114-117 and transcription 36, 

114 potentially leading to depletion of mtDNA and mtDNA-encoded proteins, mutations 

and subsequently mitochondrial dysfunction.   

Mitochondria and mtDNA are degraded by macroautophagy, the lysosomal-

driven degradation of cytoplasmic materials 57, 168. It is now well-established that 

autophagy can selectively degrade dysfunctional mitochondria, referred to as 

mitophagy, and that this process is dependent in part upon mitochondrial function and 

morphology and autophagy induction 57, 58, 176, 177, 188. Mitochondrial dysfunction resulting 

from toxicant exposure, mtDNA mutations and ROS can induce autophagy and 

mitophagy 63, 64, 180-185 and blocking autophagy and mitophagy results in accumulation of 

dysfunctional mitochondria and damaged mtDNA 202, 203 and increased susceptibility to 

apoptotic cell death 191, 196, 206. Therefore, autophagic mitochondrial degradation may 

serve as an important mechanism to rid the cell of damaged mitochondria that would 

otherwise trigger apoptosis.  

We recently found that UVC-induced mtDNA damage is gradually removed in 

vivo in Caenorhabditis elegans and that removal is dependent upon genes involved in 
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autophagy, mitophagy and mitochondrial dynamics. Additionally, we demonstrated 

that UVC exposure induces autophagy in C. elegans. We hypothesize that UVC-induced 

DNA damage results in mitochondrial dysfunction resulting in changes in 

mitochondrial morphology and autophagy induction that result in the removal of 

damaged mtDNAs. In this work, we investigated the effects of UVC exposure on 

mitophagy, mitochondrial morphology, and indicators of mitochondrial ETC function. 

We show that UVC-induced mtDNA damage is removed at a similar rate in primary 

human fibroblasts as in C. elegans and that exposure to UVC induces autophagy within 

24 h. Interestingly, significant mitochondrial degradation is not observed until 72 h post 

exposure. No significant changes in mitochondrial MP, ROS or mitochondrial 

morphology were observed following UVC exposure. These data further support the 

idea that persistent mtDNA damage is removed by autophagy; however, future research 

is needed to elucidate the factors which trigger removal.      

3.2 Materials and Methods 

3.2.1 Cell Culture, thymidine block, and UVC/Chemical exposures 

Primary human skin fibroblasts (CCD-1139sk, ATCC) were maintained in 

Iscove's Modified Dulbecco's Media supplemented with 10% fetal bovine serum, 5% 

CO2, and 5% penicillin/streptomycin at 37°C. We recognize that using a cell culture 

system to study mitochondrial endpoints is complicated by the tendency of cells 

cultured in high glucose to utilize glycolysis for energy production rather than 
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OXPHOS, thus rendering mitochondrial function less critical for cell survival 83. We 

attempted to avoid this by using non-transformed, primary human skin fibroblasts 

replaced monthly from a low passage frozen stock.  

The thymidine block, which was used for all experiments unless otherwise 

noted, was performed 24 h before analyses on 90% confluent cells by the addition of 3 

mM thymidine (final concentration) to IMDM. Thymidine media was replaced every 24 

h for the duration of an experiment. For UVC exposure, cells were washed once in PBS, 

exposed to 10 J/m2 UVC using an ultraviolet lamp with built-in UVC sensor (CL-1000 

Ultraviolet Crosslinker, UVP, Upland, CA, USA) with peak emission at 254 nm without 

media; cell culture media was immediately replaced. For flow cytometry analyses, cells 

were seeded at 75K cells/2 ml of normal growth media with or without thymidine in six-

well plates, collected by 0.25% trypsin incubation, spun down and resuspended in FACS 

buffer (1% BSA in PBS). For chemical exposures, 100 nM bafilomycin A1 (Sigma) 

resuspended to 32 µM in DMSO and further diluted into culture media was replaced 

every 24 h for extent of the treatment period.  

3.2.2 DNA synthesis analysis 

Cells were exposed to UVC with and without 3 mM thymidine in normal growth 

media and assessed for DNA synthesis by BrdU incorporation at 24, 48 and 72 h post 

exposure to UVC. Cells were incubated with 10 µM BrdU (BD Biosciences; Cat. No. 

550891) for 1 h; and, after collection were fixed in 70% ethanol for at least 2 hours. 
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Following pelleting at 1500 g for 5 min and resuspension in 1 ml of denaturation 

solution (2N HCL and 0.5% Triton-X in PBS) for exactly 30 min,  cells were pelleted, 

resuspended in neutralization buffer (0.1 M Na2B4O7) and incubated for 30 minutes. 

Next, cells were pelleted and incubated in 1ml of blocking solution (0.5% Tween 20 and 

1% BSA in PBS) plus 20 µl of anti-BrdU FITC for 30 min at room temperature and then 

pelleted and washed once in 1 ml of blocking buffer. After resuspension in 0.5 ml of 

propidium iodide staining solution (100 µg/ml RNase A, 0.05% Triton-X and 50 µg/ml PI 

in PBS) and incubation for 40 min at 37°C,  cells were analyzed for FITC and PI 

fluorescence simultaneously using a FACScan flow cytometer (Becton Dickinson). 

FlowJo 7.6.4 was used to identify BrdU positive cells and perform cell cycle analysis. 

Two biological replicates were analyzed for each treatment at each time point.  

3.2.3 Cell Viability 

Cells were collected and resuspended in FACS Buffer (1% BSA in PBS) 

containing 5 µg/ml (final concentration) Hoechst (Life Technologies) and 1:100 Annexin 

V APC (Life Technologies) and immediately placed on ice. Fluorescence was measured 

simultaneously using a FACSVantage Sorter (Becton Dickinson) and acquired data was 

analyzed using FlowJo 7.6.4. Viable, apoptotic and dead cell populations were defined 

by unstained and Annexin V APC or Hoechst 33258 individually stained cells and the 

same quadrants were applied to all samples. Four biological replicates were analyzed for 

each treatment at each time point. Two-way ANOVA was used to compare the total 
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percentage of apoptotic/dead cells (Q2 + Q3) between treatments and recovery time 

(Statview 5.0.1).  

3.2.4 DNA Damage, removal quantification and quantitative PCR 

At each recovery time point, cells were scraped, pelleted, flash frozen, and stored 

at -80°C until DNA extraction. Genomic DNA was extracted and quantified as described 

in 284 using the automated extraction procedure. DNA damage analysis was performed 

using quantitative polymerase chain reaction (QPCR) as described in Furda et al. (2012) 

284. This assay relies on the ability of DNA damage to block progression of the DNA 

polymerase used for PCR; thus, the amount of amplification is inversely related to the 

amount of DNA damage 235, 236. In each sample, a long (~10 kb) nuclear and 

mitochondrial genomic region is amplified. The long product is used to calculate lesion 

frequency as compared to control samples. A short (~200 bp) mitochondrial genomic 

region is amplified in order to normalize for sample to sample variation in mtDNA copy 

number. At least two time-separated QPCR reactions were performed on each sample 

and at least two biological replicates were analyzed per treatment and time point. 

Significant removal/repair at recovery time points 72 and 96 h was determined by one-

way ANOVA (effect of time point) and subsequent Fisher’s PLSD (Statview 5.0.1).  

3.2.5 Mitochondrial Copy Number Analysis  

Relative mtDNA content was measured by quantitative, real-time PCR as 

described in Venegas and Halberg (2012) 285 using the QPCR samples described above. 
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Primers are listed in Table 1. For each sample, three technical replicates were averaged 

from a single real-time PCR run.   

3.2.6 Mitochondrial mass, membrane potential, ROS analyses 

Cells were stained in 150 nM Mitotracker Green (Life Technologies) for 30 min at 

37°C then washed and stained with either 300 nM TMRE (Life Technologies) or 150 nM 

Mitotracker Red CM-H2XROS (Life Technologies) for 30 min at 37°C. Cells were 

collected for FACS analysis as described above. Samples were immediately placed on ice 

and Mitotracker Green and TMRE or Mitotracker Red CM-H2XROS fluorescence were 

simultaneously measured using a FACScan flow cytometer (Becton Dickinson). Viable 

cells were gated and geometric mean fluorescence values for MTG, TMRE and 

Mitotracker Red CM-H2XROS were obtained using FlowJo 7.6.4. TMRE and Mitotracker 

Red CM-H2XROS were normalized to mitochondrial mass. 2-4 biological replicates were 

analyzed per treatment per time point for each fluorophore.  

3.2.7 LC3II protein quantification by Western blot 

Cells were incubated with or without bafilomycin (100 nM) for 3 hours then 

collected and lysed in 100 µl of buffer containing 2% Triton-X and complete protease 

inhibitor cocktail (Sigma) in PBS for 1 h on ice. Protein concentration was measured by 

BCA assay (Thermo Scientific). Lysates were resolved by 4-12% LDS-PAGE (NuPage 4-

12% Bis-Tris Gels) and electrotransferred onto a PVDF membrane. The membrane was 

blocked for 1 h in 5% milk then incubated overnight in primary antibodies against LC3B 
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(Novus Biologicals; Cat. No. NB600-1384; 1:2000) and beta-actin (Abcam; Cat. No. 

ab8224; 1:2000) and for 2 hours in secondary antibodies: anti-rabbit-HRP (Pierce; Cat. 

No. 32460, 1: 200) and anti-mouse-HRP (Immuno Jackson Research, Cat.No. 115-035-174, 

1:2000). The blots were developed using SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) and developed on film. Densitometry was performed 

using ImageJ (1.43m). Each sample was analyzed by Western blot at least twice and 2-4 

biological replicates were analyzed per treatment per time point.  

3.2.8 RNA extraction, reverse transcription and real-time PCR analysis 

Total RNA was extracted with Qiagene RNeasy Mini Kit and quantified by 

NanoDrop 8000 spectrophotometer (Thermo Scientific/NanoDrop). 250ng of isolated 

RNA was converted to cDNA using the High Capacity cDNA Reverse Transcription Kit 

(Cat. No. 4368814) using the manufacturer’s instructions and amplified by real time PCR 

using the 7300 Real Time PCR System (Applied Biosystems), under the following 

conditions:  2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 sec at 95 °C and then 60 sec at 

60 °C for 18S, 36B4, BECN1, COXI, COXIV, FIS1, MAPLC3, MFN1, NRF1, OPA1, and 

TFAM,  at  62 °C for PGC1α and at 64 °C for DRP1.  A dissociation curve was calculated 

for each sample at the end of each profile.  The 25µl PCR reaction contained 12.5µl of 

SYBR Green PCR Master Mix, 8.5µl H20, 2µl of target-specific primers at 400 nM final 

concentration, and 2µl of cDNA from the RT reaction already diluted to 2 ng/µl.  The 

ABI PRISM 7300 Sequence Detection System Software, Version 1.1 (Applied Biosystems) 
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was used to carry out data analysis.  The average mRNA fold change of each target gene 

was calculated by comparing the CT (cycle threshold) of the target gene to that of the 

housekeeping gene 36B4.  All samples were run in triplicate and were averaged prior to 

analysis. RT-PCR conditions were optimized for previously published and designed 

primers; the primer sequences and conditions are listed in Table 1.  

3.2.9 Mitochondrial and lysosomes colocalization 

HF cells were plated in 35 mm collagen coated, glass bottom dishes (MatTek 

Corporation) in normal growth media plus thymidine. Cells were stained with 

Mitotracker Green (300 nM) for 30 min, washed and stained with 50 nM Lysotracker Red 

(Life Technologies) for 30 min. Cells were incubated in 10 µM leupeptin (Sigma; stock 10 

mM in H2O), 7.5 µM pepstatin A (Sigma; stock 2 mM in EtOH) and 50 nM Lysotracker 

red for 1 h. For imaging, media was replaced with Opti-MEM supplemented with 10 µM 

leupeptin, 7.5 µM pepstatin A and 50 nM Lysotracker Red.  

Fluorescence imaging was performed using a Leica Sp5 laser scanning confocal 

microscope with 63x/1.20 NA plan apochromat water immersion objective lens at 37°C. 

Z-stacks were acquired (0.38 µm thickness) at 1024 x 1024 resolution and analyzed in 3D 

for colocalization using Imaris 7.3.  Colocalized areas were converted to “surfaces” and 

the number of surfaces per cell was compared between treatments and time points by 

two-way ANOVA. Given the significant treatment x time point interaction (P < 0.0001), a 

treatment effect was analyzed by Fisher’s PLSD at each time point.  
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3.2.10 Mitochondrial morphology analysis 

Cells were plated in 35 mm collagen coated, glass bottom dishes (MatTek 

Corporation) in normal growth media plus thymidine. Cells were stained with 

Mitotracker Green (300 nM) for 30 min. For imaging, media was replaced with Opti-

MEM. Fluorescence imaging was performed using a Leica Sp5 laser scanning confocal 

microscope with 63x/1.20 NA plan apochromat water immersion objective lens at 37°C. 

Z-stacks were acquired (0.38 µm thickness) at 1024 x 1024 resolution. Morphometric 

analyses were based on those in Koopman et al. (2005) 286 but with several modifications 

for 3D analysis. Using Imaris 7.3, green fluorescence intensity was used to build a 

“surface” representing the mitochondria within a cell. The total number of surfaces per 

cell was quantified as well as the surface area, volume and sphericity of each surface. 

Mitochondria were separated in the following categories based on volume: 0-10 µm3 

(class I), 10-100 µm3 (class II) and ≥100 µm3 (class III) and average inverse sphericity, 

average surface area/volume and the number of mitochondria were compared between 

treatments within each class for each time point. At least 20 cells/treatment/time 

point/experiment were analyzed and two experiments were performed.  

3.2.11 Transmission electron microscopy 

Cells were plated in six-well plates for 24 h after which they were dosed with 

UVC 10 J/m2. Three hours before collection cells were incubated with or without 

bafilomycin (100 nM). Cells were collected using trypsinization, pelleted then 
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resuspended and placed in the initial fixative, 4% paraformaldehyde, 1% glutaraldehyde 

(45:1G, pH 7.2-7.4) and stored at 4 o C until time of processing. Primarily fixed cells were 

then pelleted, placed in secondary fixative, i.e., 1% osmium tetroxide/0.1 M sodium 

phosphate buffer (pH 7.2-7.4) for 1 h at room temperature. Resultant secondarily fixed 

cells were dehydrated in graded ethanol solutions and embedded in Spurr’s resin. 

Semithin sections (500 nm thick) were cut with glass knives,  mounted on glass slides, 

and stained with  1% toluidine blue O in 1% sodium borate. These sections served two 

purposes. First, to determine presence and relative number of fibroblasts in the block 

face, and secondly to visualize high resolution light microscopic details of the cells 

(Figure 25). Ultrathin sections (70-90 nm thick) cut with a diamond knife, stained with 

uranyl acetate and lead citrate, and examined using a FEI/Philips 208S transmission 

electron microscope (TEM) at 80kV accelerating voltage. All TEM processing, analysis, 

and imaging were performed at the Laboratory for Advanced electron and Light Optical 

Methods (LAELOM), College of Veterinary Medicine, North Carolina State University. 

Cells were selected at random for imaging. Images were taken at 3300X-5600X to capture 

the entire cell, at 11000X to capture the majority of the cytoplasmic area and finally at 

22000X to investigate the contents of AVs within the cell.   

3.3 Results 

We recently reported that otherwise irreparable UVC-induced mtDNA damage 

is removed slowly in adult C. elegans, detectable within 72 h, and that this removal is 
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dependent on autophagy, mitophagy, and mitochondrial dynamics. The goal of this 

work was to test if removal would also be detectable in a mammalian cell culture 

system, and elucidate the effect of UVC exposure on mitophagy and mitochondrial 

function and dynamics. A cell culture system was utilized to address these goals because 

of the ease of mitochondrial and autophagy visualization via fluorescence and electron 

microscopy and availability of high-throughput technologies such as flow cytometry 

(FACS) to analyze mitochondrial function.     

3.3.1 UVC-induced mtDNA damage is removed slowly 

First, we sought to determine if removal of UVC-induced photodimers in 

mtDNA occurred at a similar rate in primary human fibroblasts as it does in C. elegans.  

Most studies in cell culture have shown the persistence of bulky adducts and UVC-

induced photodimers up to 48 h 116, 246, 247 but further time points have not been 

investigated. One challenge associated with examining later time points is the potential 

confounding effect of cell replication on removal quantification due to mtDNA damage 

dilution. Although mtDNA replication is not dependent on the cell cycle, we wanted to 

minimize any effect of dilution and so blocked nDNA synthesis with excess thymidine 

(3 mM), a method referred to as a thymidine block 287. A thymidine block arrests cells in 

S-phase and has been extensively utilized to synchronize cell cultures. BrdU 

incorporation and propidium iodide-based cell cycle analysis were utilized to test for the 

effectiveness of the thymidine block. In Figure 16a, the cell cycle profile of 90% confluent 
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cells without the thymidine block displays a typical cell cycle distribution with most 

cells in G0/G1 (76%) 288. Addition of excess thymidine for 24 h arrested the majority of 

cells at the beginning of S-phase (Figure 16b). At confluency, nDNA synthesis is very 

low (~4% of cells positive for BrdU incorporation; Figure 16c) and addition of excess 

thymidine significantly blocked nDNA synthesis with <1% of cells positive for BrdU 

incorporation (Figure 16d).  At 48 and 72 h after seeding, nDNA synthesis is minimal 

with or without excess thymidine, presumably due to 100% confluency (Figure 16e).  

In thymidine blocked cells, we measured UVC-induced DNA lesions in 

mitochondrial and nuclear DNA at 0, 72 and 96 h post exposure (10 J/m2). As shown in 

Figure 17a, mtDNA damage was reduced by ~40 % by 72 h and ~60 % by 96 h. There 

was a nonsignificant trend towards more mtDNA damage removed without the 

thymidine block. Additionally, the thymidine block did not inhibit nDNA repair (Figure 

17a) which was repaired to baseline by 72 h (earlier timepoints were not examined) nor 

did it inhibit mtDNA replication (Figure 17b). In order to ensure that loss of damage was 

not the result of cell death, we measured cell viability via FACS analysis of Annexin V 

APC and Hoescht 33258 cell uptake. Annexin V APC is an indicator of early apoptosis 

and Hoescht 33258 is an indicator of cell death. Lack of a significant increase in the 

proportion of cells positive for the above markers in control or treated cells led us to 

conclude that cell viability was not diminished at 24, 48 or 72 h post exposure (Figure 

17c-d).     
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3.3.2 Autophagy is induced by UVC exposure within 24 h 

The half-life of mtDNA is estimated to be 2-4 days 165 166, 167. Therefore, the 

removal of damaged mtDNA that we observed may reflect natural turnover rather than 

the result of induced degradation via autophagy. Increased conversion of microtubule-

associated protein 1 light chain 3 (LC3) to LC3II upon phosphatidylethanolamine 

conjugation is commonly used as an indicator of autophagy 289. We measured LC3II 

protein in control and UVC exposed cells. LC3II was significantly lower in UVC exposed 

cells compared to controls at each time point (Figure 18a); however, these data reflect the 

steady-state level of LC3II protein which results from both formation and degradation of 

the LC3II. Addition of bafilomycin prevents autophagosomal and lysosomal fusion and 

allows for the measurement of LC3II production specifically (i.e., autophagic flux) 290. 

UVC exposed cells had significantly higher LC3II production compared to control 

samples indicating that lower steady state LC3II in UVC exposed cells is the result of 

rapid LC3II degradation and that autophagy is induced. Gene expression of MAPLC3 

and BECN1, which encodes for the autophagy protein BECLIN1 required in the early 

stages of autophagosomes nucleation, were measured. In accordance with the protein 

data, we observed a small but significant 1.3 fold induction in MAPLC3 expression 

(Figure 18b); however, there was no significant change in the expression of BECN1.    
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3.3.3 No change in mitochondrial mass or mtDNA content 

Mitochondrial mass can serve as an indicator of both mitochondrial biogenesis 

and degradation. To determine if the increase in autophagy increased mitochondrial 

degradation, mitochondrial mass was quantified in control and UVC exposed cells at 0, 

48 and 72 h post exposure using the mitochondrial selective dye Mitotracker Green 

(MTG). MTG selectively accumulates in mitochondria independent of mitochondrial MP 

and is commonly used to measure mitochondrial mass 291, 292. While there was a 

significant increase in mitochondrial mass with time, there was no significant difference 

between control and UVC exposed cells at any time point (Figure 19a). As described 

above, mtDNA content did not change significantly over the course of these experiments 

(Figure 17b). This suggests that mitochondrial and mtDNA degradation is balanced by 

mitochondrial biogenesis and mtDNA replication.  

To further explore a potential biogenic response, we measured the expression of 

genes that regulate biogenesis including peroxisome proliferator-activated receptor 

gamma coactivator 1α (PGC1α), nuclear respirator factor 1 (NRF1) and mitochondrial 

transcription factor A (TFAM), as well as genes regulated by this pathway:  

mitochondrial proteins cytochrome c oxidase subunit IV (COXIV) and COX subunit I 

(COXI). PGC1α regulates both mitochondrial biogenesis and mtDNA replication 

through enhanced NRF1 expression and transcriptional activity 99, 100. TFAM, the 

downstream target of NRF1, is essential for mtDNA stability and directly influences 
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mtDNA copy number 101, 293. COXIV and COXI expression are mediated by PGC-1 α 294. 

We observed statistically significant changes in NRF1 and TFAM gene expression over 

48 h but these were few and small (Figure 19b). These data indicate that mitochondrial 

biogenesis was not dramatically induced or repressed by 10 J/m2 UVC exposure.   

3.3.4 Increased lysosomal degradation of mitochondrial at 72 h post exposure 

Given that mitochondrial mass and copy number were not affected by UVC 

exposure, we questioned whether increased autophagy resulted in increased 

mitochondrial degradation. To evaluate this, lysosomal degradation of mitochondria 

was captured via live-cell fluorescence microscopy. Lysotracker Red (LTR; 50 nM) and 

MTG (300 nM) stained cells were incubated with protease inhibitors, leupeptin and 

pepstatin A, to prevent mitochondrial degradation within the lysosomes. Colocalization 

of lysosomes and mitochondria was quantified using Imaris Colocalization. In UVC 

exposed cells, the number of colocalized spots was significantly lower at 24 h, returned 

to control level by 48 h and was significantly higher at 72 h (Figure 20). This indicates 

that initially mitochondrial degradation is reduced following UVC exposure but 

gradually increases to exceed baseline mitochondrial degradation by 72 h.   

3.3.5 No significant change in mitochondrial ROS production or membrane 

potential  

Others have demonstrated that targeting of mitochondria for degradation can be 

mediated by mitochondrial MP and ROS. We tested whether UVC exposure affected 
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mitochondrial MP or level of mitochondrial ROS considering that later onset of 

dysfunction may account for the later onset of mitochondrial degradation at 72 h. FACS 

analysis of tetramethylrhodamine ethyl ester (TMRE) and Mitotracker Red CMH2XROS 

fluorescence were employed. TMRE selectively accumulates in mitochondria based on 

membrane potential and is widely used for mitochondrial labeling and MP 

quantification 295.  Of the available fluorescent ROS indicators, Mitotracker Red 

CMH2XROS has been shown to be the most mitochondrial specific and exhibits 

relatively high sensitivity 296. Compared to control, there was no significant change in 

MP or mitochondrial ROS in UVC exposed cells at any time point (Figure 21), after 

normalizing to total mitochondrial mass.  These data indicate that it is unlikely that 

autophagy was induced by decreased MP or increased ROS production.   

3.3.6 Mitochondrial morphology is not affected by UVC exposure 

Slow-onset or low level mitochondrial dysfunction can trigger mitochondrial 

fusion which restores function 47, 51, 53, 54, 157-159 and in many cases inhibits degradation 62, 189, 

190. We considered that increased mitochondrial interconnectivity may mask low level 

dysfunction caused by UVC treatment and modulate mitochondrial degradation. 

Therefore, mitochondrial morphology was analyzed in both treatments at all time points 

via live-cell fluorescence microscopy and MTG staining. Morphometric analysis was 

based on Koopman et al. (2005) 286 but several modifications were made for 3D analysis. 

3D reconstruction of the mitochondrial network was performed with Imaris 7.3 resulting 
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in construction of a 3D representative “surface” (Figure 22).  To evaluate the effect of 

UVC on mitochondrial interconnectivity and elongation, the number of surfaces (i.e., 

mitochondria) per cell as well as the inverse sphericity and surface area/volume ratio of 

each surface were compared between treatments. Inverse sphericity acts as a measure of 

both elongation and branching (1=perfect sphere) 286. Surface area/volume ratio 

decreases with size but, within a specific size range, increases with elongation and 

branching. Size distribution among the mitochondrial population of each cell is heavily 

skewed toward small mitochondria such that taking the average of these morphology 

parameters per cell does not accurately represent the morphological variation of the 

mitochondrial population and reduces the sensitivity to detect slight treatment 

differences (Figure 22). Therefore, we chose to classify mitochondria by volume (size) 

into the following groups: 0.1-10 µm3 (Class I), 10-100 µm3 (Class II) and <100 µm3 (Class 

III) and the number of mitochondria, average surface area/volume and average inverse 

sphericity were quantified per class for each cell. 

Figure 23a displays the average number of mitochondrial per cell within each 

class for each treatment and time point. There was initially a decrease in the number of 

mitochondria per cell in UVC treated cells at 24 h. This reflected primarily a decrease in 

class I and II mitochondria therefore there were less small mitochondria. This could 

result from an increase in mitochondrial fusion or fewer mitochondria. However, as 

shown above, mitochondrial mass was unaffected by UVC exposure. At later time 
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points, there was no significant effect of UVC on the total number of mitochondrial per 

cell or the size distribution of mitochondria. UVC exposure did not significantly affect 

mitochondrial elongation or interconnectivity as measured by inverse sphericity or 

surface area/volume ratio at any time point within any class (Figure 23b). Therefore, we 

concluded that there was not a significant change in mitochondrial morphology in UVC 

treated cells.  

We also addressed the gene expression of MFN1, OPA1, DRP1 and FIS1 which 

encode for the proteins necessary for mitochondrial fusion and fission. At 6 hr post UVC 

exposure, OPA1, MFN1 and DRP1 gene expression were significantly reduced (-1.5, -1.6 

and -1.4 fold, respectively; Figure 23c). A reduction in both fusion and fission gene 

expression could reflect an overall decrease in mitochondrial dynamics and this would 

have minimal effects on mitochondrial morphology since it reflects the balance between 

fusion and fission.  At 24 hr, endogenous expression was restored in all cases and by 72 

hr post exposure, expression of DRP1 and OPA1 genes was elevated, significantly so in 

the case of DRP1.  

3.3.7 Mitochondrial degradation via autophagy increases during recovery  

The mitochondrial/lysosomal colocalization data described above suggests that 

mitochondrial degradation increases at 72 h post exposure. While this approach 

provides detailed 3D data it does not lend information regarding the specificity of the 

degradation process (autophagy vs. mitophagy). Therefore, we next investigated this 
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using TEM which allows for the visualization of autophagic vacuoles and differentiation 

of their specific contents. In order to capture autophagosomes and their contents prior to 

degradation, bafilomycin was added three hours before cell fixation to inhibit fuions of 

autophagosomes and lysosomes.   

As shown in Figure 24A, control cells without bafilomycin contained several 

autophagic vacuoles (AV) resembling multivesicular endosomes (MVE). Mitochondria 

in these cells were numerous, well-defined and dense. As expected, AVs representing 

multiple stages of autophagy including MVE, early and late autophagosomes and 

lysosomes were present in bafilomycin treated cells. The occurrence of AVs containing 

recognizable mitochondria was low in control cells and mitochondria in bafilomycin-

treated control cells were less dense and had less defined cristae (Figure 24B). In UVC 

exposed cells mitochondrial ultrastructure was variable ranging from long, dense 

mitochondria with well-defined cristae to rounded, enlarged mitochondria with less 

well-defined membranes and cristae (Figure 24C-H). In two cases, mitochondria in UVC 

exposed cells revealed a focal area of low electron density signifying swelling of the 

matrix (Figure 24D, F). There was an increasing trend toward occurrence of AVs 

containing mitochondria at 48 and 72 h post exposure (Figure 24E, H). Of these, many 

contained other cytoplasmic components. Additionally, there were several AVs without 

mitochondria that contained general cytoplasmic contents such as glycogen and 
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membranous tubules. These observations support a UVC-induced increase in non-

specific autophagy leading to increased mitochondrial degradation later in recovery.   

3.4 Discussion 

mtDNA is susceptible to helix-distorting DNA lesions induced by common 

environmental agents like polycyclic aromatic hydrocarbons, mycotoxins and UV 

radiation in part because mitochondria lack NER, the mechanism utilized in the nucleus 

to repair these lesions. Persistence of these lesions in mtDNA has the potential to cause 

mtDNA instability and mitochondrial dysfunction. Turnover of mitochondria as well as 

other organelles and cytoplasmic contents is facilitated by autophagy. Autophagy is an 

important mechanism by which the cell can rid itself of damaged cellular materials and 

recycle macromolecules. Specific degradation of dysfunctional mitochondrial via 

mitophagy has been illustrated at the level of the mitochondrion and entire 

mitochondrial population. We recently demonstrated that autophagy was necessary for 

removal of damaged mtDNA containing UVC-induced photodimers in vivo.  We also 

found that recovery from mitochondrial dysfunction caused by accumulated UVC-

induced mtDNA damage was mediated by autophagy and mitochondrial fusion. In the 

present study, we further investigated the effects of UVC exposure on autophagy, 

mitophagy and mitochondrial function using a mammalian cell culture model.  

In adult C. elegans ~40% of UVC-induced mtDNA damage was removed within 

72 h of exposure. We induced a similar number of mtDNA lesions in non-replicating 
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(arrested in S-phase) primary human fibroblasts and found that damage removal 

occurred at a similar rate with ~40% removal by 72 h post exposure. This suggests that 

the kinetics of removal are conserved between lower eukaryotes and mammals at least 

in non-replicating cells.   

We and others 191 have found that UVC exposure induces autophagy. This was 

also the case here as shown by increased LC3 expression and LC3II formation. 

Interestingly, our data suggest that mitochondrial degradation is initially inhibited at 24 

h post exposure despite elevated autophagy but recovers and exceeds control level by 72 

h. Despite the correlation between the rate of mitochondrial degradation and the rate of 

damage removal, we can not know with certainty that autophagy is removing damaged 

mtDNA without inhibiting autophagy. Autophagy inhibition was attempted with 3-

methyladenine (3-MA), an inhibitor of autophagosomes formation 256, but there was 

significant loss of cell viability after 24 h in 3-MA highlighting the importance of 

autophagy in maintaining cell survival. We also attempted to investigate UVC-induced 

mtDNA damage removal in mouse embryonic fibroblasts with mutations in autophagy 

genes; however, wild-type MEFs proved especially sensitive to low-level UVC exposure 

with cell death observed within 24 h of exposure to < 5 J/m2.   

A disconnect between induction of autophagy and mitochondrial degradation 

has recently been reported by others 172-174. During autophagy induced by amino acid 

starvation,  degradation of cytoplasmic materials was ordered with mitochondrial 



 

91 

degradation occurring 30 h into starvation, subsequent to the degradation of cytosolic 

and proteasomal proteins and ribosomes within 12 hr of starvation 172. This lag time was 

attributed to enhanced mitochondrial elongation resulting from unopposed fusion due 

to reduced DRP1 activity 173, 174. Interestingly, at 24h when mitochondrial degradation 

was suppressed, there was a corresponding decrease in smaller sized mitochondria 

suggesting increased fusion. However, mitochondrial elongation and interconnectivity 

at 24 h were not affected by UVC exposure at least at the level that we could detect with 

our morphological parameters. Thus an exciting future direction of this research is to 

investigate directly the effect of UVC on fusion and fission events. 

UVC exposure in this system induced approximately one lesion per 10 kb or 1.6 

lesions per genome. ~20% of mtDNA genomes are predicted to remain undamaged at 

this UVC dose assuming a Poisson distribution of lesions and a similar mtDNA copy 

number per cell. Despite greater than 80% of mtDNAs containing at least one lesion, the 

effects of this damage appear to be within the compensatory range of the mitochondrial 

population such that mtDNA damage was removed with no significant perturbation of 

mitochondrial mass, mtDNA content, MP or the level of ROS. Mitochondrial fusion 

maintains homogeneity of contents among the mitochondrial population 137, 141, 155. 

However, Twig et al. (2008) demonstrated that following mitochondrial fission one of 

the daughter mitochondria is often hypopolarized and unable to undergo subsequent 

fusion if the MP does not recover 62. It is therefore likely that mtDNAs harboring UVC-
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induced photodimers are distributed randomly and unequally during fission events 

rendering a subset of mitochondria with a higher proportion of damaged DNA and 

potentially significantly compromised mitochondrial function.  FACS analyses of MP 

and ROS performed here reflect an average among the entire mitochondrial population 

of the cell; thus, effects in a subset of mitochondria cannot be ruled out. In fact, the 

variability in mitochondrial ultrastructure observed in UVC treated cells by TEM 

suggests that UVC exposure may have compromised a subset of mitochondria within 

the overall mitochondrial population.  

Dysfunctional mitochondria unable to undergo fusion are preferentially 

removed by autophagy 62. We observed an increasing trend in AVs containing 

mitochondria in UVC treated cells at 48 and 72 h post exposure, some of which 

appeared to contain only mitochondria while others contained mitochondria and other 

cytoplasmic materials. We also observed several AVs without mitochondria that 

contained general cytoplasmic materials at these time points. Therefore, non-specific 

autophagy rather than more specific mitophagy appears to be mediating mitochondrial 

degradation following UVC exposure. Even so, it is still unclear even in non-specific 

autophagy how mitochondria are selected for degradation and recent research suggests 

that there is some level of selectivity. For example, mitochondrial degradation during 

starvation-induced autophagy is dependent upon the mitochondrial permeability 

transition (MPT) 175 and can be enhanced by mutations that result in mitochondrial 
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dysfunction 174. Therefore, we can not rule out the possibility that dysfunctional 

mitochondria may be degraded preferentially thus facilitating mtDNA damage removal. 

In future experiments, identification of AVs and their contents could be assisted by the 

use of antibodies that label specific organelles, autophagic vacuoles and lysosomes. 

Additionally, identification and use of a positive control for mitophagy would help to 

distinguish mitochondrial degradation resulting from mitophagy versus general 

autophagy.    

Given that autophagy was increased within 24 h of exposure to UVC without 

detectable changes in mitochondrial MP or ROS, nDNA damage signaling may be 

responsible for this response. UVC-induced photodimers in nDNA activate the DNA 

damage responsive gene ATR 297. ATR can also activate another DDR gene, ATM, 

typically associated with the response to double strand breaks 298, 299. Activation of ATM 

or ATR as well as their downstream target p53 increases autophagy 300-302 and ATM-

deficient cells exhibit defective mitophagy 303. However, Chen et al. (2012) recently 

demonstrated that autophagy induction following UVC exposure is ATR dependent up 

to 6 h but is ATR independent at 24 and 48 h 191.  Clearly, an effect of nDNA damage on 

mitochondrial fate cannot be ruled out even though this damage is repaired relatively 

quickly. Further research is needed to understand the role of nDNA damage responsive 

genes in mediating mitochondrial turnover by autophagy and mitophagy.  
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Figure 16: Excess thymidine arrests cells in S-phase and blocks nDNA synthesis 

within 24 h. 

Cell cycle analysis using PI in (a) untreated and (b) thymidine treated cells. 86% of 

thymidine treated cells are arrested at G0/G1 or S-phase. BrdU incorporation over an 

hour incubation period was measured in (c) untreated and (d) thymidine treated cells. 

Confluent untreated cells have a low level of DNA synthesis (4% of cells positive for 

BrdU incorporation) 24 h after seeding with further reductions in DNA synthesis at later 

timepoints presumably due to 100% confluency. (e) Thymidine treatment blocked DNA 

synthesis at 24-72 h. 
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Figure 17: UVC-induced mtDNA damage is removed slowly. 

(a) Significant mtDNA damage removal was observed in cells dosed with 10 J/m2 UVC 

by 72 h compared to initial lesion frequency (one-way ANOVA, effect of time point P = 

0.0140; Fisher’s PLSD, P = 0.0316 for 72 h and P = 0.0047 for 96 h). nDNA damage was 

repaired to baseline by 72 h. (b) mtDNA content was comparable to control throughout 

the recovery period.  (c) No significant decrease in cell viability was observed in cells 

exposed to 10 J/m2 as measured by Annexin V APC and Hoechst 33258. (d) 

Representative control and UVC dot plots at 24 h post exposure as measured by FACS 

with viable (Q4), apoptotic (Q3) and dead (Q2) cell frequencies defined. Bars ± s.e.m.   
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Figure 18: UVC exposure increases LC3II expression. 

LC3II protein was quantified by Western blot in control and UVC treated cells with and 

without bafilomycin and normalized to beta-actin. (a) Steady-state (no bafilomycin) 

levels of LC3II were significantly decreased by UVC exposure at 24, 48 and 72 h when 

compared to time point controls (asterisks; two-way ANOVA, effect of treatment P = 

0.0325). With bafilomycin, UVC exposed cells accumulated more LC3II compared to 

bafilomycin treated controls at all time points (hash; two-way ANOVA, effect of 

treatment P = 0.007). (b) MAPLC3 mRNA expression increased by 1.3 fold with UVC 

exposure 48 h after exposure (asterisks; two-way ANOVA, treatment x time point P = 

0.03; Fisher’s PLSD, effect of treatment P < 0.0424 at 48 h). No significant change in 

BECN1 expression was observed in UVC treated cells. The black line signifies baseline 

expression level.  (c) Representative immunoblots of LC3II in control and UVC (10 J/m2) 

exposed cells with and without bafilomycin at 24, 48 and 72 h. Bars ± s.e.m.     
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Figure 19: No detectable changes in mitochondrial mass or biogensis. 

(a) No significant change in mitochondrial mass was detected after UVC exposure 

compared to controls (two-way ANOVA, effect of recovery P < 0.0001, treatment x 

recovery P = 0.4730). (b) mRNA expression of PGC1a, NRF1 and TFAM, both involved in 

mitochondrial biogenesis, and their downstream targets COXIV and COXI. NRF1 

expression decreased at 6 h (P = 0.0466). TFAM expression was induced 1.3 fold at 6 h 

but reduced by -1.20 fold by 48 h (two-way ANOVA, treatment x time point P = 0.01; 

Fisher’s PLSD, effect of treatment P < 0.05 at 6 and 48 h). No significant affect of UVC 

exposure on expression of COXIV or COXI was observed. The black line signifies 

baseline expression level. Bars ± s.e.m. 
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Figure 20: Increased lysosomal degradation of mitochondria after exposure to UVC. 

(a) The number of cololcalized spots between mitochondria and lysosomes was initially 

lower at 24 h but significantly exceeded that of control by 72 h (two-way ANOVA, 

treatment x time point P < 0.0001; Fisher’s PLSD, effect of treatment at 24 h P = 0.0068 

and 72 h P < 0.0001). Representative images displaying (I) MTG stained mitochondria, 

(II) LTR stained lysosomes, (III) colocalized spots and (IV) an overlay of all three as 

detected by Imaris 3D colocalization analysis in (b) control and (c) UVC treated cells. 

Bars ± s.e.m. 
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Figure 21: No detectable changes in mitochondrial MP and ROS level  

UVC exposure did not induce detectable changes in mitochondrial MP or ROS level at 

any time point (two-way ANOVA, treatment x recovery for TMRE and CM-H2XROS P = 

0.2086 and 0.7312, respectively). Bars ± s.e.m. 
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Figure 22: Mitochondrial morphology analysis method. 

Mitochondrial were labeled with MTG and captured via live-cell fluorescence imaging 

on a Leica SP5 laser scanning confocal microscope. Z-stacks at 0.38 µM thickness were 

taken at 1024 x 1024 resolution and imported into Imaris 7.3. A representative surface of 

the mitochondrial network was generated. For each surface the surface area, volume and 

sphericity was measured. Surfaces were then categorized by volume into three classes: 

Class I (0-10 µm3), Class II (10-100 µm3) and Class III (≥100 µm3). Average surface area to 

volume ratio, inverse sphericity and total number of surfaces were calculated for each 

class. The scatterplot comparing inverse sphericity to surface area/volume indicates that 

expressing the average of these parameters in all surfaces (total, pink dots) without 

volume classification does not accurately represent the variation in the mitochondrial 

population of each cell. Classes I, II and III (blue, red and green dots, respectively) show 

distinct relationships between morphology parameters. Therefore, categorizing allows 

for the identification of treatment-induced shifts in size distribution as well as 

elongation and interconnectivity.  
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Figure 23: No detectable change in mitochondrial number or mitochondrial 

morphology in UV exposed cells.  

(a) The total number of mitochondria per cell was decreased 24 h after UVC exposure 

(two-way ANOVA, treatment x time point P = 0.0143; Fisher’s PLSD, effect of treatment 

at 24 h in P = 0.0345), particularly in class I and II sized mitochondria (three-way 

ANOVA, treatment x time point x class P = 0.0034, two-way ANOVA per class, 

treatment x time point P < 0.05; Fisher’s PLSD effect of treatment at 24 h P < 0.05).  By 48 

h mitochondrial number and size distribution had returned to control levels. (b) 

Scatterplot displaying the average surface area/volume as compared to the average 

inverse sphericity of mitochondria in each size class. Mitochondrial interconnectivity 

and elongation (inverse sphericity or surface area/volume) were not affected by UVC 

exposure at any time point in any class (three-way ANOVA, treatment x time point x 

class P > 0.05).  (c) A small but significant ~40 % reduction in DRP1, MFN1 and OPA1 

expression was observed within 6 h of UVC exposure. (d) Representative images of 

control and UVC exposed mitochondria stained with MTG.  Bars ± s.e.m. 
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Figure 24: Autophagic degradation of mitochondria is enhanced during recovery. 
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Electron micrographs of control (A), control + Baf (B), UV 24 h + Baf (C-D), UV 48 h + Baf 

(E-F) and UV 72 h + Baf (G-H). (A) Control cells without bafilomycin had autophagic 

vacuoles (AV) that corresponded to multivesicular endosomes (MVE) or early 

autophagosomes, and several mitochondria with defined cristae (solid white arrows).  

(B) Mitochondria in control cells with bafilomycin were less defined and several AVs 

representing MVEs, autophagosomes and lysosomes were present. (i) Higher 

magnification (22,000 X) of a mitochondrion highlighting a lack of electron density and 

cristae definition. In UVC-exposed (10 J/m2) cells a range of mitochondrial phenotypes 

was observed from dense mitochondria with well-defined cristae to enlarged 

mitochondria with less density and poorly defined cristae. At 24 and 48 h (D,F) large 

round mitochondria were observed with areas of low electron density suggesting 

damaged or swollen inner membrane. Autophagosomes containing mitochondria 

(yellow arrows) were observed at 24, 48 and 72 h with an increasing trend in frequency 

at 48 and 72 h. Several autophagosomes containing general cytoplasmic materials were 

also observed throughout the recovery period.   
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Figure 25: Toluidine blue stained semi-thin sections of human primary fibroblasts. 

Representative images of (A) control and (B) UVC-treated cells. Cell pellets were 

embedded in Spurr’s resin, cut into semithin sections (500 nm thick), stained with 

toluidine blue O and imaged by high resolution (60X) light microscopy. Several cells 

were present in the block face and few cells were identified that demonstrated apoptotic 

or necrotic features.  
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Table 1: Primer sequences and RT-PCR conditions for gene expression and mtDNA 

copy number analyses.  

Gene 

target  Primer sequence 

Temp. 

°C 

final conc. 

(nM) source 

Gene expression analysis 

18 S  GAG GAT GAG GTG GAA CGT GT 60 400 304 

GGA CCT GGC TGT ATT TTC CA 60 400 304 

36B4 GTG ATG TGC AGC TGA TCA AGA CT 60 400 304 

GAT GAC CAG CCC AAA GGA GA 60 400 304 

BECN1 GGA TGG ATG TGG AGA AAG GCA AG 60 400 195 

TGA GGA CAC CCA AGC AAG ACC 60 400 195 

MAPLC3  GCC TTC TTC CTG CTG GTG AAC 60 400 195 

AGC CGT CCT CGT CTT TCT CC 60 400 195 

NRF 1  GGT GCA GCA CCT TTG GAG AA 60 400 304 

CCA GAG CAG ACT CCA GGT CTT C 60 400 304 

COXIV  CAT GTG GCA GAA GCA CTA TGT GT 60 400 304 

GCC ACC CAC TCT TTG TCA AAG 60 400 304 

COXI  CTG CTA TAG TGG AGG CCG GA 60 400 305 

GGG TGG GAG TAG TTC CCT GC 60 400 305 

MFN1  TGT TTT GGT CGC AAA CTC TG 60 400 304 

CTG TCT GCG TAC GTC TTC CA 60 400 304 

OPA1  GCA ATG GGA TGC AGC TAT TT 60 400 56 

CAC TGT TCT TGG GTC CGA TT 60 400 56 

FIS1  CGA GCT GGT GTC TGT GGA GGA CC 60 400 Designed 

TGT CAA TGA GCC GCT CCA GTT CC 60 400 Designed 

PGC1a  CCT TGC AGC ACA AGA AAA CA 62 400 Designed 

TGC TTC GTC GTC AAA AAC AG 62 400 Designed 

DRP1  TGG GCG CCG ACA TCA 64 400 306 

GCT CTG CGT TCC CAC TAC GA 64 400 306 

TFAM  CCG AGG TGG TTT TCA TCT GT 60 400 Designed 

GCA TCT GGG TTC TGA GCT TT 60 400 Designed 

mtDNA copy number analysis  

tRNA F3212 CAC CCA AGA ACA GGG TTT GT 62 400 285 

tRNA R3319 TGG CCA TGG GTA TGT TGT TA 62 400 285 

B2M F594 TGC TGT CTC CAT GTT TGA TGT ATC T 62 400 285 

B2M R679 TCT CTG CTC CCC ACC TCT AAG T 62 400 285 
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4. Conclusion 

4.1 Summary 

The overall goal of this dissertation was to broaden our understanding of the fate 

and effects of irreparable mtDNA damage induced by environmental genotoxicants. 

Despite the susceptibility of mtDNA to helix-distorting lesions and the potential for this 

damage to compromise mtDNA integrity, there existed little information regarding the 

fate of this damage in mtDNA. Furthermore there is little understanding of the role of 

autophagy and mitochondrial dynamics in removal of and recovery from this persistent 

mtDNA damage even though these processes in many cases are critical for recovery 

from other mitochondrial toxicants. Therefore, the first hypothesis addressed in this 

work was that UVC-induced photodimers in mtDNA are removed and the removal is 

dependent upon mitochondrial dynamics and autophagy. In Chapter 2, data are 

presented that show removal of UVC-induced mtDNA damage by 48 h after exposure. 

This result was supported in Chapter 3 with removal of this mtDNA damage detectable 

by 72 h after exposure in primary human fibroblasts. Furthermore, in Chapter 2, I show 

that removal of this damage is dependent upon genes involved in autophagy, 

mitophagy, fusion and fission. These data demonstrates that mitochondrial dynamics 

and autophagy are part of a novel pathway for the removal of otherwise irreparable 

mtDNA damage.  
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Secondly, I hypothesized that UVC-induced mtDNA lesions would induce 

mitochondrial dysfunction altering mitochondrial morphology and mitophagy. In both 

C. elegans and primary human fibroblasts a single exposure to a sub-lethal dose of UVC 

induced autophagy by 24 h. However, data presented in Chapter 3 suggest that 

mitochondrial degradation is not increased until 72 h after exposure. Interestingly, this 

induction occurred without detectable changes in mitochondrial function and only mild 

changes in mitochondrial morphology. These data suggest that mitochondrial 

morphology, MP and ROS may not be the primary signals leading to induction of 

autophagy following helix-distorting DNA damage as has been reported with other 

treatment conditions.  

Thirdly, I hypothesized that mitochondrial dynamics and autophagy are 

important for recovery from UVC-induced mitochondrial dysfunction, at least in part 

because these processes facilitate damage removal. In order to address this hypothesis 

an experimental method, described in Chapter 2, was developed to specifically induce 

persistent mtDNA damage and mitochondrial dysfunction without persistent nDNA 

damage in developing C. elegans. Accumulated mtDNA damage caused moderate larval 

arrest and significant decreases in steady-state ATP level and oxygen consumption. 

mtDNA replication and mitochondrial fusion proved to be critical for recovery from 

larval arrest as indicated by complete larval arrest with ethidium bromide treatment or 

fusion gene knockout.  Genetic and pharmacological inhibition of autophagy increased 
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the frequency and duration of larval arrest but still allowed for some recovery. These 

data demonstrate that recovery is aided by autophagy, presumably due to its role in 

removal of damage; however, mtDNA replication and mitochondrial fusion are essential 

for recovery.  

4.2 Implications and Future Directions 

4.2.1 Role of proteins involved in the nuclear DNA damage response pathway 

The DNA damage response (DDR) pathway involves identification of nDNA 

damage and subsequent activation of cell cycle arrest, DNA repair and in some cases 

apoptosis. Ataxia Telangiectasia Mutated (ATM) gene is responsible for the DDR to 

DSBs 298, 299, 302 and when mutated results in Ataxia Telangiectasia, a disorder marked by 

neurodegeneration and cancer predisposition 307. ATR on the other hand is responsible 

for responding to DNA damage that blocks DNA replication such as UVC-induced 

photodimers and bulky adducts 297. Recent evidence indicates that DNA damage-

induced ATM or ATR activation results in increased autophagy which inhibits apoptotic 

cell death 191, 300-302.  ATR, once activated, can activate ATM and both of these activate p53 

298, 300. p53 activation induces autophagy as a result of mTOR inhibition and AMPK 

activation through activation of TSC2 300, 301. Interestingly, Chen et al. (2012) recently 

demonstrated that UVC exposure induces a bi-phasic autophagy response 191. Early on, 

UVC activates ATR and elevates autophagy markers from 1 to 6 h after exposure. 

However, there is a secondary increase in autophagy noted at 24 h sustained at least 
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until 48 h which is independent of ATR activation. Furthermore, ATM-deficient cells 

demonstrate enhanced basal autophagy but defective mitophagy suggesting that ATM is 

involved in mitochondrial targeting for autophagy rather than autophagy induction 303. 

The data presented in Chapter 3 indicate that autophagy is increased within 24 h of 

exposure to UVC without detectable changes in MP or ROS level suggesting that nDNA 

damage signaling may be responsible for this response. Further research is needed to 

determine the involvement of DDR genes in UVC-induced autophagy at early and late 

time points and whether or not these proteins play a role in mitophagy signaling.  

In addition to their role in autophagy, ATM and p53 are also involved in mtDNA 

maintenance 308-310. Tissue specific mtDNA depletion is observed in ATM null mice and 

ATM knockdown in MEFs results in 50% depletion of mtDNA 308; furthermore, 

increased mtDNA copy number following ɣ-irradiation are ATM dependent. p53 

localizes to mitochondria and is reported to bind to and mediate the activity of POLG1, 

TFAM and mitochondrial single stranded binding protein all of which are involved in 

mtDNA maintenance 309. Additionally, p53 induces expression of ribonucleotide 

reductase subunit R2 (p53R2) which when mutated causes severe mtDNA depletion 310 

emphasizing the importance of de novo dNTP synthesis in mtDNA replication. A 

potential role of p53 as a mtDNA damage sensor has been suggested 309 but further 

research is needed to elucidate the role of ATM and its downstream target, p53, in 

mediating a mtDNA damage response.   
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4.2.2 Susceptibility of aged populations to helix-distorting mtDNA damage 

The effects of mitochondrial dysfunction in mitochondrial diseases typically 

occur in high energy post-mitotic tissues such as muscle and nervous tissue 1. Generally 

these are thought to be more affected because they are high energy tissues, heavily 

dependent on OXPHOS and therefore have a greater probability of ROS-induced 

mitochondrial and mtDNA damage and a greater susceptibility to mtDNA mutations, 

mitochondrial dysfunction and mitochondrial-mediated apoptosis. Given that these cells 

cannot be replaced, apoptosis or energy deficiency over a certain threshold leads to 

tissue wide disease. An overall decrease in autophagy as well as defective mitophagy 

has been observed in aging post-mitotic nervous and cardiac tissue 183-185, 209. The data 

presented in this dissertation demonstrate that removal of helix-distorting mtDNA 

damage is mediated by autophagy, therefore susceptibility to mitochondrial dysfunction 

and tissue damage resulting from this persistent mtDNA damage will increase with age.  

Intriguingly, PAH exposure was linked to an abnormal case of a 60 year old man with 

late-onset Leber’s Hereditary Optic Neuropathy (LHON), a disease characterized by 

mutations in complex I typically resulting in early adult onset of optic neuropathy and 

blindness 311. While this individual carried the LHON mutation throughout his life and 

spent greater than 30 years exposed to high levels of PAH, disease pathogenesis did not 

occur until later life. Furthermore, a comprehensive review of environmental exposures 
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in affected and unaffected individuals from 125 LHON pedigrees identified a strong 

correlation between disease development (i.e., vision loss) and smoking in later life 15.     

The data presented in this dissertation indicate that the removal rate of helix-

distorting lesions in mtDNA is roughly comparable between C. elegans and non-

replicating human fibroblasts. However, it is likely that that the rate of damage removal 

is cell type specific given differences in energy demand, mtDNA copy number and 

autophagic capacity between cell types.  For example, a dependence on OXPHOS has 

been shown to prevent mitophagy from taking place to any significant degree in 

primary cells 187. An interesting future direction of this research would be to compare the 

rate of mtDNA damage removal in different tissues types.   

In many cases, fusion acts to compensate for mitochondrial damage and mtDNA 

mutations by allowing for complementation of mitochondrial contents and enhancing 

mitochondrial DNA repair and replication 137, 141, 155. Therefore, it is not surprising that 

this process was critical in recovery from UVC-induced larval arrest as shown in 

Chapter 2. However, fusion can inhibit mitophagy thus it was surprising to find that 

fusion knockdown inhibited removal of UVC-induced mtDNA damage. An exciting 

future direction of this research is to determine the ability of UVC to induce autophagy 

and mitophagy in fusion-deficient cells. This is of particular importance because 

individuals harboring heterozygous mutations in fusion genes, OPA1 and MFN2, exist 

in the population and exhibit varying degrees of neurodegeneration in optic and 
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peripheral nerves, respectively, suggesting important gene-environment interactions 

that could have a direct impact on disease pathogenesis. 
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Appendix A – Identification and tracking of UVC-induced 

mtDNA damage in mammalian cell culture 

One of the original goals of this dissertation work was to investigate the 

distribution of damaged mtDNA throughout the mitochondrial network after exposure 

and determine if mitochondria with a high proportion of damaged mtDNAs are 

selectively isolated and degraded. In order to test this two approaches were attempted.  

A. 1 Damaged mtDNA tracking in live cells using cyclobutane 

pyrimidine dimer (CPD) GFP-tagged mutant photolyase  

A.1.1 Gene insert confirmation 

 The N378S CPD Escherichia coli photolyase was first described by Xu et al. (2008) 

312. This photolyase contains a single base substitution resulting in an amino acid change. 

It is able to bind to CPDs but cannot reverse the dimer. It was obtained from the Xu lab 

in a pET-22b(+) vector as a purified plasmid. This was transformed into One Shot TOP10 

competent E.coli (Invitrogen) using the manufacturer’s instructions. Extracted and 

purified plasmid was sequenced using primers designed for the T7 promoter and 

terminator sequences that flank the N378S gene insert.  Blast results of the resulting 

sequence confirmed that the gene insert was the E. coli photolyase (X57399.1) with the 

N378S mutation.  
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A.1.2 Cloning using the In-Fusion system 

The In Fusion system utilizes the principals of homologous recombination to 

ligate DNA fragments into a linearized plasmid. Primers with a short region 

homologous to a linearized plasmid are used to amplify the gene of interest such that 

the homologous region was added to the ends of the gene sequence.  

In-Fusion primers (below) were designed, optimized and used to amplify N378S 

photolyase gene sequence adding a short region homologous to the Mito-

pAcGFP(Clontech, PT3730-5) plasmid cut with BamHI and AgeI.   

forward: ATTCGTTGGGGGATCCAATGACTACCCATCTGGTCTGGTTT  

reverse: GCTCACCATGACCGGTTTCCCCTTCCGCGCCG  

The In-Fusion reaction was carried out using the manufacturer’s instructions. 

Confirmation of a successful Mito-N378S-pAcGFP clone was carried out by 

transformation of the In-Fusion products into Stellar E. coli (Clontech), plasmid 

extraction and purification, sequencing and AgeI fragment analysis. Several In-Fusion 

products yielded the expected AgeI fragments and had the correct sequence. E. coli 

stocks containing successful clones were frozen. 

A.1.3 Visualization and confirmation of N378S photolyase mitochondrial 

localization and DNA binding following UVC exposure 

Extracted and purified Mito-N378S-pAcGFP was transfected into mouse 

embryonic fibroblasts (MEFs) using Lipofectamine LTX (Invitrogen), cells were dosed 

with 50 J/m2 UVC and imaged on a Leica SP5 laser scanning confocal microscope. This 
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UVC exposure was selected to ensure a high level of CPD lesion frequency in mtDNA. 

In transfected cells, GFP under the control of a CMV promoter was limited to what 

appeared to be the mitochondrial network (Figure 26). No change in fluorescence 

localization was observed in UVC exposed cells. Possible reasons for this observation 

are that the addition of GFP to the enzyme prevented its ability to bind to CPDs or 

expression of the plasmid was too high making it difficult to discern matrix-associated 

and CPD-associated enzyme.    

A.2 Damaged mtDNA tracking in fixed cells using cyclobutane 

pyrimidine dimer (CPD) antibody 

A.2.1 Antibody details 

Three anti-CPD antibodies have been cited in the literature: UV-2 (not available), 

TDM-2 (Cosmo Bio Company, Tokyo, Japan) and KTM53 (conjugated to horseradish 

peroxidase; Kamiya Biomedical Company, Seattle, WA).  KTM53 , TDM-2, an 

AlexaFluor 647 conjugated anti-HRP and an AlexaFluor 647 conjugated anti-mouse were 

purchased.  

A.2.2 Optimization of immunocytochemistry parameters in UVC treated cells 

Cells were treated with 50 J/m2 UVC. Experiments with KTM53 were performed 

on MEFs and TDM-2 experiments were performed on human fibroblasts. The following 

ICC parameters were tested: 

Fixation: 3.7 % paraformaldehyde 10, 15 and 20 minutes 
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Permeabilization: 0.1 – 1% Triton-X 5 - 20 min on ice and RT; ice-cold acetone 

 5 – 10 min 

Denaturation: none; 0.4 M NaOH 4 min; 0.5, 1 and 2 M HCL 20 – 30 min RT   

Blocking: 10% goat serum for 30 m and 1 h RT and 37°C  

KTM53 incubation: 1:200 for 1 h RT; 1:500 o/n 4°C  

Anti-HRP secondary incubation: 1:100 and 1:500 1- 2 h RT 

TDM-2 incubation: 1:1000, 1:1500 and 1:2000 4°C o/n   

Anti-mouse secondary incubation: 1:200 – 1:500 2 h RT; 1:1000 30 m 37°C 

A.2.2 Results 

The KTM53 antibody did not produce a fluorescent signal from nuclear and 

mitochondrial DNA in UVC treated cells under any of the conditions tested. TDM-2 

produced a strong nDNA signal in UVC treated cells when HCl denaturation was used 

(Figure 27). HCl denaturation eliminates picogreen staining in a dose-dependent 

fashion. Mitotracker Red is sufficiently excited by 633 nm laser to create a signal in the 

far red channel. I would not recommended use of this dye in combination with far red. 

Acetone permeabilization significantly decreases the background associated with 

Mitotracker Red and produces clear mitochondrial staining; however, it blurs picogreen 

staining. None of the conditions produced a reliable mtDNA signal.  
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Figure 26: Mito-N378S-GFP localizes to the mitochondrial network in MEFs 
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Figure 27: UVC treated cells with a CPD signal in nDNA and Mitotracker Red stained 

mitochondria. 
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Appendix B – Effects of UVC exposure on mitochondrial 

membrane potential, mass, relative superoxide level and 

mtDNA copy number in replicating primary human 

fibroblasts   

Effects of UVC exposure on mitochondrial MP, mass and level of superoxide 

were analyzed by flow cytometry in replicating primary human fibroblasts without a 

thymidine block.   

B.1 Methods 

Mitochondrial MP, mitochondrial mass and mtDNA copy number analyses were 

performed as described above in Chapter 3 without use of thymidine in order to allow 

nDNA synthesis. To measure the relative level of superoxide, cells were stained with 

MitoSox (5 µM) for 30 min at 37°C, collected via typsinization without EDTA, 

resuspended in FACS buffer and fluorescence intensity was measured using a 

FACSVantage Sorter.  

B.2 Results and Discussion 

A dose dependent increase in mitochondrial MP and mass was observed at 48 

and 72 h post exposure to UVC (two-way ANOVA, treatment x time point P < 0.0001; 

Fisher’s PLSD, effect of treatment at each time point P < 0.05; Figure 28a-b).  

Additionally, there was an overall increase in the relative superoxide level in cells 

exposed to UVC 10 J/m2 irrespective of time point (two-way ANOVA, effect of treatment 
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P < 0.0001, treatment x time point P = 0.1323; Figure 28c). However, an increase in 

mitochondrial mass may increase the amount of TMRE and MitoSox accumulated in the 

cell, thus the increased fluorescence may be the result of more dye accumulation rather 

than increased MP or superoxide. Therefore, mitochondrial mass should be measured 

simultaneously along with fluorescence of mitochondrial specific, lipophilic dyes and 

used to normalize for differential dye accumulation.   

Removal of damaged mtDNA in the absence of thymidine in UVC treated cells 

was demonstrated in Chapter 3.  mtDNA content was not affected by UVC exposure 

therefore we concluded that mtDNA replication replaces degraded damaged mtDNA. 

Interestingly, the increase in mitochondrial mass did not result in an increase in mtDNA 

content.  



 

121 

 

 

Figure 28: Mitochondrial MP, mass and relative level of superoxide increase after 

UVC exposure without changes in mtDNA copy number. 
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Appendix C – Studies with low-dose rapamycin and  

mtDNA damage removal and mitochondrial mass, 

membrane potential and ROS.   

 If damaged mtDNAs are removed by autophagy, I hypothesized that an increase 

in autophagy would accelerate removal of mitochondria and mtDNA damage and 

protect against changes in mitochondrial function. To test this hypothesis, I attempted to 

induce autophagy with rapamycin, an inhibitor of mTOR.  

C.1 Methods 

 Thymidine blocked cells were treated with 100 nM rapamycin (ready-made 

solution in DMSO; Sigma) immediately after UVC exposure and throughout the 

recovery period. Thymidine + rapamycin media was replaced daily. FACS analysis of 

MP, ROS and mass and mtDNA damage and copy number assays were performed as 

described above in Chapter 3.   Two biological reps of rapamycin plus UVC and 1-2 

biological reps of rapamycin only were performed in these analyses.  

C.2 Results and Discussion 

Rapamycin at 100 nM did not significantly reduce mitochondrial mass alone or 

in conjunction with UVC (Figure 29). mtDNA content was not affected by rapamycin 

treatment alone to any significant degree nor did rapamycin significantly change 

mtDNA content in UVC-treated cells. These data suggest that either rapamycin is not 

inducing autophagy or that mitochondrial biogenesis and mtDNA replication are able to 
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compensate for increased mitochondrial and mtDNA degradation. Additionally, there 

was little effect of rapamycin treatment on MP or ROS in control or UVC-treated cells 

(Figure 29).   

If rapamycin (100 nM) is increasing mtDNA turnover in UVC-treated cells, then 

mtDNA damage removal should be accelerated; however, we did not observe a 

significant difference in the removal rate (Figure 30). Therefore, we concluded that 

rapamycin is not inducing autophagy in UVC treated cells either because the 

concentration is not sufficient to do this or UVC exposure has maximized the autophagic 

response and further inhibition of mTOR with rapamycin has no additional effect.   
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Figure 29: Low-dose rapamycin treatment has little effect on mitochondrial mass, MP 

or ROS in control or UVC exposed cells. 
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Figure 30: Low-dose rapamycin does not significantly affect the rate of mtDNA 

damage removal. 
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